
,)kU, 
sur face sc ience 

ELSEVIER Surface Science 380 (1997) 427~ 433 , 

Enhanced surface atomic step motion observed in real time after 
nanoindentation of NaCI(100) 

A. F o l c h  a , , ,  p .  G o r o s t i z a  b, j .  S e r v a t  b, j .  T e j a d a  a, F .  S a n z  b 

Departument de Fisicu Fonamental, Unicersitat de Barcelona. 08027 Barcelona. Spain 
b Departament de Qulmica Fisica. Universitat de Barcelona. 08027 Barcelona, Spain 

Received 26 September 1996; accepted for publication 6 December 1996 

Abstract 

The nanometer-scale indentation of a crystalline surface produces nanostructures that evolve on a timescalc that is inaccessible to 
existing imaging methods for the vast majority of surfaces. We have been able to observe the dynamic evolution of the freshly cleaved 
surface of a NaCI(100) crystal after indentation with an atomic force microscope (AFM) in air. Here we present sequential AFM 
images featuring vertical atomic resolution which show that atomic terrace motion is greatly enhanced by the AFM indentation. 
Moreover, some of the nanometric features generated by the indentation become reassimilated into the crystalline surface structure 
of the surroundings of the indentation over a period of time of the order of several minutes. :¢~ 1997 Elsevier Science B.V. 
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1. Introduction 

The atomic force microscope (AFM)  [ 1 ]  is a 
powerful tool for nanot r ibology and the investiga- 
tion of surface dynamics on a nanometer  scale in 
real time. In this study, the A F M  tip is used both 
to indent the surface of a NaCI(100)  crystal and 
to image its evolution (namely, the a tomic step 
motion) following indentation. The contact  inter- 
action between the tip and the sample during 
indentat ion causes displacement of material and 
its subsequent rearrangement  or partial "damage  
healing". However,  the evolution of a surface 
following A F M  nanoindenta t ion  is elusive to 
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observat ion because, for most  materials, the 
rearrangement  of material happens extremely fast, 
i.e. as the tip is being retracted. For metals, the 
timescale has been calculated to be of the order 
of a few picoseconds [2 ] .  The rearrangement  of 
self-assembled alkanethiol monolayers  after com- 
pression with an A F M  tip gives rise to viscoelastic 
forces between the tip and the monolayer  which 
only take several tens of milliseconds to relax 
after load [3 ] .  An exceptional example, presented 
here, is the rearrangement  of the crystalline 
surface of NaCI after nanoindenta t ion in air. We 
made nanometr ic  indentations on NaCI(100)  
surfaces by pushing a cantilevered A F M  silicon 
tip against the sample. A significant part  of the 
surface rearrangement,  as shown below, is slow 
enough to be observed with the A F M  right after 
indentation. 
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2. Experimental procedure 

We used commercially available AFM microcan- 
tilevered tips [4] in a non-conventional way. 
Designed for tapping-mode AFM imaging [5], we 
also used them to perform the tip-to-sample 
mechanical contact. In the tapping mode, the tip 
is oscillated at resonance (~ 300 kHz) and strikes 
the surface gently on each oscillation cycle with a 
peak vertical force of the order of tenths of a 
nanonewton [6]. The amplitude of oscillation 
(~10-100nm) is used as a proximity signal 
between the tip and the surface. For our applica- 
tion, tapping-mode imaging is superior to contact- 
mode imaging in the sense that shear forces 
between the tip and the sample, which could induce 
dragging of material as the tip scans the surface, 
are negligible. In contact mode and air ambient, 
on the other hand, the minimum applied force is 
determined by uncontrollable capillary forces 
between the tip and the sample. Furthermore, 
the high stiffness of the tapping-mode cantilevers 
(~300N/m) makes them suitable for applying 
large indenting pressures when brought into con- 
tact with the sample. To do so we drive a tip-to- 
surface vertical approach (without scanning) 
beyond the "point of contact", which we arbitrarily 
define as the point where the oscillation magnitude 
drops to zero. An estimate of the applied force is 
computed as the cantilever stiffness times the dis- 
tance traveled by the sample beyond the point of 
contact. Our indentation force values (,-~10/~N) 
depend upon the definition of the point of contact, 
but the latter is ambiguous in a range of only a 
few angstroms above the surface because the vibra- 
tion amplitude drops dramatically within that 
range. The fact that the contact area is undeter- 
mined prevents the force values from being 
translated into pressure values but it does not 
affect our findings. Our vibration-isolation scheme 
allowed us to obtain images with vertical atomic 
resolution, i.e. monoatomic steps were visible. 

Previously, Hillner et al. [7] induced and 
observed the growth and dissolution of calcite 
under aqueous solution and Shluger et al. [8] 
observed that AFM-excavated grooves in NaC1 
widen and become refilled with time. Very recently, 
Shindo et al. [9] reported monoatomic step 

motion on NaCI(100) and found that it is highly 
dependent on ambient humidity and "frozen" 
below 50% humidity. We found, in addition, that 
it can be enhanced by local surface modification. 
We did not attempt to control the ambient humid- 
ity because our goal was to define an experi- 
mentally simple procedure to observe surface 
rearrangement of material at a given constant 
humidity. Therefore, only the relative step mobility 
before as compared to after the indentation is 
relevant to the purpose of this paper. For all 
practical purposes the ambient humidity in a closed 
room over the course of an experiment (typically 
less than 1 h long) can be assumed to be constant. 
Since we observe moderate step motion for the 
surfaces prior to indentation, from Ref. [9] we 
estimate our humidity values to be 50-60%. 
Similarly to Shindo et al., our experiments were 
done at room temperature (~ 25°C). 

In a typical experiment, a NaC1 crystal is freshly 
cleaved in air to expose the (100) facet and placed 
immediately onto the AFM sample stage for room- 
temperature air-ambient imaging. We start by 
imaging a --~ 7/tm × 7/tm flat portion of the surface 
so that several atomic steps are visible. Smaller 
scan areas do not reveal enough atomic terraces 
to provide a global picture of the motion and 
larger areas take too long to scan or yield noisy 
images, presumably from light tip crashes during 
scanning. Then one or more indentations are made 
at approximately the center of the image with the 
Si tip and the evolution of the surface is observed 
by taking a sequence of images (4min frame 
acquisition time) with the same tip. Between each 
indentation and the actual start of image acquisi- 
tion there is a lapse of ~2-3 s. The indentation 
forces are typically three orders of magnitude larger 
than the peak forces applied during tapping mode 
imaging. We never observed a loss of resolution 
after indentation, which indicates that the 
indentation process does not damage the Si tip 
significantly. 

3. Results and discussion 

A representative example of an indentation 
experiment is shown in Fig. 1. The force constant 
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of the cantilever was 29 N/m [10]. Fig. la depicts 
the surface prior to indentation. Monoatomic as 
well as multiatomic steps are revealed. Images lb, 
lc and ld are taken right after three consecutive 
indentations, each on the same location and at a 
greater indentation force F than the previous 
one: F1---9.2 x 10 -6 N, F2= 1.1 x 10 -5 N, and F3= 
1.4 x 10 -5 N, respectively. After image d (i.e. after 
the third indentation), which we define as the time 
origin, the images show the temporal evolution of 
the surface with no further modification. An impor- 
tant observation is that, in general, repeated indent- 
ations at increasing depths on the same spot 
generate altogether lower and wider debris or 
mounds than one deep indentation. Since high 
debris or mounds must be avoided in order to 
visualize monoatomic steps, the penetration forces 
were optimized for each run by trial and error. 

(We must point out first that there are two noise 
artifacts that could be mistaken as atomic steps. 
The faint diagonal line running from top to bottom 
of some images is due to electrical noise. The fact 
that it runs on top of the hole in image lb is a 
rather unfortunate coincidence because it resem- 
bles a dislocation step. Also, the horizontal streaks 
along the scan direction arise from feedback insta- 
bilities at the beginning of the line scan.) 

Some steps are pinned at certain locations. These 
pinning sites, probably due to a defect or an 
impurity, appear not to follow the motion of the 
terraces around them and are thus a good reference 
point to visualize the changes on the surface. The 
terrace motion is slow enough that, at this scale, 
terraces do not advance noticeably in the time 
scale of a line scan, which results in the observed 
smooth steps. 

A global look at the sequence of images straight- 
forwardly reveals three trends in the evolution of 
the surface: (1) the activity of the surface, albeit 

difficult to quantify, increases remarkably right 
after the third and deepest indentation (i.e. from 
image ld onward); (2) it is highest around the 
indentation whereas a few microns away from it 
step motion proceeds relatively slowly; and (3) that 
it gradually slows down. Note, in particular, that 
images ld and le, taken right after the third 
indentation, show dramatic differences around the 
hole and are separated by only 5 rain, whereas the 
last two images are separated by 19 min (see figure 
caption) and show very few changes at random 
spots. At the end of the sequence, the activity of 
the surface is back to normal and, even within the 
proximity of the indentation, it is no longer charac- 
terized by intense rearrangement but instead by 
slow and apparently random drifting of the ter- 
race steps. 

In principle, the tip interacts with the sample 
not only during indentation but during imaging as 
well. However, we did not observe any effect of 
the imaging parameters (scan speed and interval 
between images) on terrace motion. This is 
expected from the low tip-to-sample interaction 
during imaging in the tapping mode. 

Images la, lb and lc deserve close attention. By 
comparing images la and lb we note that the 
surface atomic steps are virtually unaffected by the 
first indentation (F~ = 9.2 x 10 - 6  N). The few slight 
differences may well be attributed to random ter- 
race motion caused by surface diffusion. This is 
surprising, since the indented hole occupies a sig- 
nificant portion of the area of a terrace. On the 
other hand, the second indentation, made at a 
slightly larger force (F2 = 1.1 × 10 -5 N), has a dis- 
tinct effect. Special attention must be paid to the 
set of four atomic steps right above and to the left 
of the first indentation in image lb. In image lc 
we note that these four terraces have been attracted 
towards the hole and that the closest one has even 

Fig. 1. Set of 12 AFM images showing the evolution of a NaCI(100) surface following three nanoindentations with the AFM tip on 
the center of the scan area. All images are projected in stereoscopic view and low-angle simulated illumination in order to better 
reveal the atomic steps. The straight edge-to-edge lines are noise artifacts. Imaging parameters: scan size 7 ttm× 7 ILm, "tapping" 
mode, 4 rain frame acquisition time. The images show: (a) surface prior to indentationi (b) after first indentation, applied force F~ = 
9.2 × 10 6 N; (c) after second indentation, F2=l .1  x 10 5 N; (d) after third indentation, F 3 = l . 4 x  10 -5 Ni this image defines t=0 .  
and subsequent images show the evolution of the surface as a function of time t: (e) t = 5  min; (f) t = 9  min: (g) t =  19 mini (h) t =  
24 mini (i) t=35  mini (j) t=41 min; (k) t =  55 min; (1) t=74  min. 
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Fig. 1. [continued} 
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been pinned or "captured" by the hole. This 
change, contrary to the changes observed after 
image ld, is very sudden and it could probably be 
explained by a stress-relief mechanism (resulting 
from the indentation) alone [11], even in the 
absence of adsorbed water-assisted transport (see 
discussion below). 

Perhaps the most striking feature is the 
mound or hillock created around the hole in image 
ld, right after the third indentation (F3= 
1.4 × 10 -5 N). No trace of crystalline organization 
is visible in the mound surface, which means that 
either the displaced material is amorphous or that 
it is formed of nanocrystallites too small to be 
resolved due to the large ( ~ 7  ktm ) scan size or 
due to convolution with the AFM tip. In any case, 
in the subsequent images the mound "gives birth" 
to a set of highly active crystalline terraces, in 
particular to the left and to the right of the hole. 
This observation is unique in the sense that it 
shows formation of crystalline structures on a 
nanometer scale and in real time. By the time 
image lh is completed, the hole has captured all 
four terraces that were right above and to the left 
of the hole in image lb. As the last of them is 
captured, we also witness at the same time its 
fusion with one of the new-born terraces at the left 
of the hole. 

In general, as the features flatten and the surface 
energy becomes lower the step motion slows down. 
Furthermore, as exemplified in this sequence of 
AFM images, we have consistently observed that 
holes tend to widen over time. Plausible explana- 
tions could be that the material from the rim is 
attracted towards the lower surface energy location 
at the bottom of the hole, dragged by water- 
assisted transport into the hole and/or simply 
pushed into the hole by the tapping tip. 

Since these experiments were not carried in a 
controlled environment, we can only conjecture 
why the surface activity is increased by indentation. 
Although surface diffusion and the stress field 
created by the nanoindentation must surely be 
taken into account in an exact description, the 
findings by Shindo et al. (see Ref. I-9]) suggest that 
adsorbed ambient moisture plays a dominant 
role in the rearrangement dynamics after the 
third nanoindentation (images ld and following). 

Indeed, previous surface science studies on NaCI 
[12] and recent AFM imaging on mica [13] have 
shown that surfaces exposed to air are readily 
covered with a thin film of water on a nanometer 
scale. We hypothesize that a water film on the 
NaC1 surface dissolves some debris or mounds 
generated by the indentation and act as a medium 
for the transport of material by diffusion to other 
parts of the surface. The indentation disrupts both 
the water film and the NaCI surface underneath, 
which effectively creates in the film a radial gradi- 
ent of salt concentration around the hole in the 
surface plane. Indeed, terraces "born" around the 
hole drift away from it, which reveals transport of 
material away from the hole. Thus we explain that 
the motion slows down as the water film reaches 
a uniform salt concentration in equilibrium with 
the NaC1 surface underneath. We predict that 
AFM nanoindentations in a dry environment will 
result in a much lower increase in surface activity 
because of the absence of a water layer acting as 
a NaCl-material transport medium. Experiments 
to perform AFM nanoindentations on NaC1 in 
controlled-temperature/humidity ambient are 
underway. 

In conclusion, we have demonstrated the obser- 
vation of monoatomic step motion on a NaCI(100) 
surface in real time by means of low-interaction 
tapping-mode AFM imaging. The step motion 
activity is greatly enhanced after "disturbing" the 
surface by means of nanometric indentation with 
the same AFM tip. The fact that the increase in 
surface activity is locally induced opens exciting 
new possibilities in surface dynamics studies, such 
as comparing the effect of the same disturbance in 
different locations or at different humidities. We 
reproducibly witnessed the real-time formation of 
crystalline nanostructures, namely monoatomic 
steps not present on the surface before the indenta- 
tion. Even in a dry ambient, the AFM indentation 
should prove a valuable method for testing stress- 
induced motion of surface atomic steps. We expect 
to clarify in the near future the degree to which 
the dynamics of the rearrangement of NaC1 
nanoindentation debris are enhanced by the pres- 
ence of a water thin film. Similar indentation 
experiments under water could well reveal the 
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dynamics of dissolution of salt in water on a 
nanometer scale. 
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