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(010) surface 

Abstract. The frictional properties of freshly cleaved (010) 
surfaces of the ferroelectric TriGlycine Sulfate (TGS) were 
investigated by combined scanning and friction force 
microscopy under ambient conditions. A frictional con- 
trast could be observed between domains with different 
electrical polarity, as well as between terraces inside indi- 
vidual domains which are separated by steps of half of the 
unit-cell height or an odd multiple of this value. The latter 
contrast mechanism originates from the arrangement of 
the molecules at the surface which is chemically homo- 
geneous, but structurally rotated by 180 ~ between differ- 
ent terraces. The resulting asymmetric surface potential 
gives rise to a frictional anisotropy in different directions 
that can be detected by the force microscope, as well as to 
a change of the frictional force between forward and 
backward scan direction. 

PACS" 61.16.Ch; 62.20.-x; 68.35.Bs 

The friction of solids is, due to its technical relevance, one 
of the topics of research since the days of Alnontons and 
Coulomb. Until recently, most of the studies have focused 
on macroscopic frictional phenomena which are governed 
by the effects of wear, plastic deformations, boundary 
lubrication, surface topography and surface asperities. In 
recent years, however, the development of new experi- 
mental tools such as the surface force apparatus [11 or the 
friction force microscope [21 enabled the investigation of 
wearless friction on molecularly or even atomically 
smooth surfaces, thus providing information about the 
microscopic (or even "nanoscopic") origins of friction. 

On the theoretical side, Tomlinson [3] already recog- 
nized a long time ago that in the ideal case of two single- 
crystalline, atomically flat and defect-free solids, which are 
moved relative to each other in the absence of wear, 
plastic deformation and surface contamination, the only 
source of friction should be the interaction potential at the 
contact interface. Since these days, many models for wear- 
less friction were proposed [4~101, but all of them keep 

the idea that the interaction potential determines the 
friction. This already includes implicitly that, since the 
surface potential of a crystal is basically determined by the 
species and the arrangement of the atoms at its surface, the 
magnitude of the frictional forces should be anisotropic 
and thus depend on the crystallographic directions in 
which the two crystals are moved relative to each other. 

Despite the fact that frictional anisotropy is also pre- 
dicted by molecular dynamics simulations [11-13] and 
can already be seen in some more macroscopic experi- 
ments [14 16], there are only very few reports about the 
observation of frictional anisotropy with experimental 
setups enabling the study of wearless friction [17, 181. In 
these experiments, the friction in a certain crystallo- 
graphic direction [uvw] was always the same as in the 
negative [ugqr direction; variations in the frictional force 
were only observed if the sliding direction of the friction 
probe was changed by a certain angle other than 180 ~ 
relative to the [uvwl -direction. This behaviour, i.e., vari- 
ations in the frictional force when changing the sliding 
direction by angles other than 180 ~ , will be referred to as 
frictional anisotropy in the following since up to now it 
was mostly used in this sense in the literature. 

In this paper, however, it will be shown by means of 
combined scanning and friction force microscopy 
measurements at TriGlycine Sulfate (TGS) single-crystal 
cleavage faces that in the case of wearless friction on the 
molecular scale not only frictional anisotropy can be 
observed, but also a change in the frictional force when 
changing the sliding direction of the friction probe by 180 ~ , 
i.e., moving the probe in backward direction. This behav- 
iour will be called directional dependence of friction in order 
to separate it from the frictional anisotropy as defined 
above. In addition, it will be argued that the reason for this 
behaviour lies most probably in the asymmetry of the 
surface potential of the TGS (010) cleavage face. 

1 Experimental 

The TGS single crystal was grown from aqueous solu- 
tion at a constant temperature above the Curie point 
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Fig. 1. Crystal structure of TGS. Hydrogen atoms are neglected. 
TGS can be considered to consist of layers stacked along the b-axis. 
Layers A and A' as well as B and B' are chemically equivalent, but 
rotated by 180 ~ around the b-axis against each other, respectively 

(To = 49 ~ The crystal structure of TGS in the ferroelec- 
tric phase can be described by the monoclinic space group 
P21. The lattice constants are a =9.15 A, b =12.69A, 
c = 5.73 A and fi = 105 ~ 40' [19] (Fig. 1). The orientation 
of the unit-cell directions relative to the sample edges of 
our crystal was determined by means of X-ray diffraction 
using the oscillation method [20]. 

TGS can easily be cleaved parallel to the (010) plane. 
For each measurement, fresh (010) surfaces were prepared 
by cleaving the crystal with a razor blade in slices of about 
1 mm thickness. 

The combined Scanning Force Microscopy (SFM) 
and Friction Force Microscopy (FFM) investigations 
were carried out immediately after sample preparation. 
A commercially available SFM [21] was used which is 
able to monitor sample topography and frictional forces 
simultaneously [22, 23]. The instrument was operated in 
contact mode under ambient conditions. The V-shaped 
silicon nitride cantilevers with integrated pyramidal tips 
[21] had force constants of about 0.06N/m and were 
scanned under an angle of 90 ~ to their long axis at load- 
ings between 10 100 nN. These relatively high loading 

forces were difficult to be further reduced and may 
originate in the hygroscopic nature of TGS [24], the 
low aspect ratio and the often truncated ends of the 
pyramidal tips [25] which lead to strong capillary forces 
on the tip. 

Since the V-shaped cantilevers are difficult to calibrate 
correctly for absolute lateral force measurements [26], the 
frictional data will only be given in relative units through- 
out this paper. For a detailed discussion of the FFM 
principle see, for instance, [27]. 

2 R e s u l t s  a n d  d i s c u s s i o n  

Figure 2a shows a topographical image of the (010) sur- 
face of TGS. Cleavage steps with heights between 1.2 and 
5 nm are aligned almost perpendicular to the a-axis. On 
the flat terraces, round and irregularly shaped islands as 
well as holes are visible. This heterogeneous morphology 
is attributed to the etching of the TGS by the thin water 
film present at the surface [24] and the subsequent recrys- 
tallization of the etched material at the surface. The ero- 
sion of TGS by polar etchants like water was already 
reported in several works [28]. 

Figure 2b gives the FFM image of the same surface 
spot as shown in Fig. 2a. Two main areas differing in their 
frictional properties can be distinguished. A broad bright 
band (marked by "B" in Fig. 2b) is embedded in a darker 
surrounding area ("A"). Additionally, a frictional contrast 
within the areas "A" and "B" occurs. Comparison of 
Figs. 2a and b reveals that the region "A" comprises only 
round islands which show a brighter frictional contrast 
than the terrace underneath. On the other hand, area "B" 
contains irregularly shaped islands and holes also differ- 
ing in their frictional behaviour from the surrounding 
terrace. 

Nakatani [29] reported on the different etching be- 
haviour of the domains with different sign of polarisation. 
Positive domains show a high density of etch holes, 
whereas the surface of negative domains is almost fi'ee of 
them and exhibits round islands from recrystallization 
processes. Haefke et al. [30] already used this character- 
istic property of the TGS (010) surface to denominate the 

C / 
Fig. 2. a 35 x 35 ~tm z SFM topographical 
image of the (010) cleavage face of TGS. 
The height of the cleavage steps ranges 
from 1.2 to 5 nm. h FFM image of the same 
area. Frictional contrast between different 
domains marked by "A" and "B" is 
obvious. Additionally, frictional contrast 
within the domains can be observed. The 
line is parallel to the long axis of the 
positive domain 
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b Fig. 3. a 5 x 5 pm 2 topographical 
image of the surface of a positive 
domain. Terraces separated by 
steps with heights of b/2 are visible. 
The etch holes and islands also 
form steps with height b/2 to the 
surrounding terrace, b z-profile 
taken along the line indicated in a. 
The height differences of b/2 
between the individual terraces are 
clearly visible, e Friction forward 
scan image of the same surface spot 
as in a. The comparison with the 
backward friction scan d shows 
a similar contrast behaviour for the 
terraces, holes, and islands. Only 
the frictional contrast of the step 
edges (see arrows) is reversed 

polarity of ferroelectric domains in their SFM measure- 
ments. Additionally, it has been shown for Guanidinium 
Aluminium Sulfate Hexahydrate (GASH) crystals [31] 
that FFM is able to monitor the ferroelectric domain 
structure. A model of the contrast mechanism of ferroelec- 
tric domains in FFM is given elsewhere [32]. The silicon 
nitride tip has a permanent polarisation induced by trap- 
ped charges interacting with the electric field of the 
sample. This causes a twisting of the cantilever which gives 
an additional signal in the FFM image depending on the 
direction of the domain polarisation. Therefore, the re- 
gions marked by '%" and "B" in Fig. 2b can be attributed 
to domains of opposite polarity. Considering the differ- 
ences in the etching behaviour mentioned above, area "A" 
is the surface of a negative and "B" the surface of a positive 
domain, respectively. 

The long axis of the positive domain in Fig. 2b (see 
line) forms an angle of 10 ~ with the sample a-axis. This 
behaviour is in good agreement with observations carried 
out with scanning electron microscopy [33] and optical 
microscopy [34] on TGS (010) surfaces where the long 
axis of lenticular domains was found to be inclined by 
about 12 ~ to the [100] -direction towards the [001] - 
direction. 

A closer look to the surface of a domain identified to 
be positive in the manner as described above is given in 
Fig. 3. The topography (Fig. 3a) reveals several terraces 
separated by steps with a height of half of the unit cell in 
b-direction. Moreover, several etch holes and two islands 
are visible separated also by steps of height b/2 from the 
surrounding terraces. The step structure is visualised in 

Fig. 3b by means of a z-profile taken along the line in- 
dicated in Fig. 3a. 

The corresponding forward friction scan (i.e., the tip 
moving from left to right) is given in Fig. 3c. Two types of 
areas differing in their frictional behaviour are obvious, 
similar to those observed in Fig. 2b, where the positive 
domain was comprised of islands and etch holes also 
showing a different frictional contrast compared to the 
surrounding terrace. The comparison of the topographical 
map (Fig. 3a) with the friction image (Fig. 3c) shows that 
for terraces separated by heights of n b (n = 0, 1, 2, 3 ... ), 
the friction is always the same, whereas the frictional 
signal differs on terraces separated by heights of n b + b/2. 
Hence, frictional contrast occurs between different layers 
of the surface despite the homogeneous chemistry of the 
different terraces. 

Comparison of the forward and backward (Fig. 3d) 
friction scan reveals an identical frictional contrast for the 
terraces, holes and islands for both scan directions, i.e., 
areas appearing dark in the forward friction scan appear 
also dark in the backward scan. The same happens with 
the bright contrast. This behaviour is contrary to conven- 
tional friction force measurements where the frictional 
contrast for the forward and backward scan direction is 
reversed (Fig. 4a) [27]. In this case, the contrast in the 
frictional signal is caused by differences in the chemical 
composition of the sample surface which modify the 
surface potential [35-37]. In the present case of TGS, 
however, an inhomogeneity of the chemical composition 
of the sample surface is very unlikely, since the topo- 
graphical images show the typical cleavage structure of 
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Fig. 4a, b. Principle of FFM contrast formation: a On materials 
which have no directional dependence of friction (i.e., the friction 
coefficient/~ is the same in forward and backward scan direction), 
the contrast between surface areas exhibiting different # is reversed 
when scanning forward compared to scanning in the backward 
direction since the FFM signal is a measure for the torsion of the 
cantilever. At the surface steps, peaks occur in the FFM signal due to 
some torque of the tip. 5 FFM tip probing the frictional force of 
a surface with asymmetric surface potential, illustrated by a s a w -  

tooth like structure. The surface structure on the lower terrace is 
rotated by 180 ~ along the surface normal compared to the structure 
on the upper terrace. The friction coefficient of one single terrace is, 
e,g., #1 in the forward scan direction, whereas it changes to #2 for the 
backward scan direction; ie., the friction coefficient is direction- 
dependent. The contrast recorded in the FFM signal is the same for 
both directions. The direction dependence, however, has no influ- 
ence on the torque of the FFM tip at the surface steps 
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Fig. 5. Friction signal measured along the line drawn in Figs. 3c and 
d. The absolute value of the frictional forces varied about 3% 
between the individual terraces. The peaks in the forward and 
backward curve are caused by the torque of the cantilever at the step 
edges (Fig. 4) 

a single-crystalline surface. Therefore, the identical fric- 
t ional contrast  for the forward and backward  scan direc- 
tion gives strong evidence for a dependence of  the fric- 
t ional forces on the scan direction, i.e., the frictional force 
on the tip is different when moved  in forward or  backward  
scan direction on an identical terrace (Fig. 4b). 

This direct ion-dependent frictional contrast,  however, 
should not  have any influence on the expected torque of  
the cantilever at step edges which should be reversed for 
opposite scan directions as visible in Fig. 4. Compar i son  
of Figs. 3c and d shows the predicted contrast  reversal 
(arrows) for the forward and backward  scan direction. The 
frictional signal acquired along the lines drawn in Figs. 3c 
and d is shown in Fig. 5 for bo th  scan directions. The 
topographical  steps causing the peaks in the curves are 

directed downward  if looked from left to right in the 
diagram. 

To confirm the directional dependence of  the fric- 
t ional contrast,  the sample was rotated by different angles 
relative to the cantilever movement .  A series of images for 
the negative domain  is presented in Fig. 6 and for the 
positive domain  in Fig, 7. For  both  positive and negative 
domains  a characteristic surface spot was chosen (in- 
dicated by squares in Fig. 2b); sample and cantilever were 
arranged as presented in Fig. 8 and rotated by the angles 
as indicated. Only  the forward scan direction of the canti- 
lever is displayed, since the contrast  observed when scann- 
ing forward or backward,  is similar for all orientations as 
already shown in Fig. 3. 

For  a quantification of the frictional contrast,  the 
difference in the frictional signals on the terraces separated 
by steps with height of n b + b/2 was calculated from 
profile lines taken from the F F M  images. A reversed 
frictional contrast  is expressed by an opposite sign of the 
contrast  value. 

The compar ison  of  the F F M  images for the negative 
domain  at different sample rotat ion angles (Fig. 6) shows 
variations in both  sign and magni tude  of the frictional 
contrast  on  the terraces separated by steps of height 
n b + b/2. The frictional contrast  is reversed for rota t ion 
angles e and ~ + 180 ~ For  the negative domain,  the 
strongest contrast  appears at c~ = 45 ~ and 90 ~ respectively 
(and also at ~ =225 ~ and 270 ~ but with opposite sign), 
whereas it almost  vanishes at e =165 ~ For  the positive 
domain  (Fig. 7), the frictional contrast  is most  prominent  
at e - -90 ~ (and ~ = 270 ~ with opposite sign), but  in con- 
trary to the negative domain,  the frictional contrast  van- 
ishes at ~ = 0  ~ and ~ ---180 ~ 

The magni tude of the frictional contrast  between the 
areas exhibiting different frictional signals as a function of 
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Fig. 6a-i. FFM images of a negative domain taken at the surface 
spot indicated in Fig. 2b. For the relative sample orientation and 
the cantilever scan direction see Fig. 8. The sample was successively 

rotated by angles ofa 0 ~ b 45 ~ e 90 ~ d 135 ~ e 165 ~ f 180 ~ g 225 ~ 
h 270 ~ and i 315 ~ For all images the forward scan direction is 
shown 

the sample rotation angle is presented in Fig. 9. The data 
points were calculated by averaging several profile lines 
taken from the friction force images. The diagram in Fig. 9 
shows the difference in the friction force contrast for 
domains with different polarity already mentioned above. 
The contrast on the negative domain vanishes at about  

=165 ~ and 345 ~ , whereas for the positive domain 
it disappears at ~ = 0  ~ and 180 ~ . The magnitude of 
the maximum values for the frictional contrast on both 
domains is comparable and about  3% of the absolute 
value of the frictional forces. 

Although care was taken during F F M  imaging to 
maintain the same scan parameters (especially the loading 

force), deviations in the actual imaging conditions cannot 
be excluded due to, e.g., tip changes. Therefore, Fig. 9 
shows only a rough qualitative dependence of the fric- 
tional contrast on the sample rotation angle. However, 
a phase shift in the frictional signals of the two domain 
types by approximately 15 ~ is obvious. This observation 
gives evidence for a difference in the surface structure of 
the two domain types. 

For  the explanation of the directional-dependence and 
the anisotropy in the frictional contrast, a detailed exam- 
ination of the crystal structure of TGS and the possible 
configurations of the (010) surface is necessary. Figure 1 
shows the unit cell of the TGS structure drawn with the 
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Fig. 7a-i. FFM images of a positive domain taken at the surface 
spot indicated in Fig. 2b. For the relative sample orientation and 
the cantilever scan direction see Fig. 8. The sample was successively 

rotated by angles of a 0 ~ b 45 ~ e 90 ~ d 135 ~ e 165 ~ f 180 ~ g 225 ~ 
h 270 ~ and i 315 ~ For all images the forward scan direction is 
shown 

atom positions as determined by Hoshino et al. [38] and 
transformed to the crystal axes used in [19]. The trans- 
formation matrix was taken from [39]. 

The structure can be considered to consist of four 
different layers (depicted by A, A', B, and B' in Fig. 1) 
which have either a different chemical consistence or a dif- 
ferent orientation. Both layers A and A' contain SO4- 
glycine 1 (G1) molecules, whereas B and B' are built up 
from glycine 2 (G2)-glycine 3 (G3) molecules (the abbrevi- 
ations and names for the glycine molecules are used as in 
[38]). Neighbouring layers have an average distance of 
b/4, closest layers of identical chemical composition are 
separated by b/2. Layers A and A' are rotated against each 

other by a two-fold symmetry axis perpendicular to the 
layer surface (same for B and B'). 

The topography of one single domain always and 
exclusively exhibits steps with height of n b/2 in SFM 
micrographs. Therefore, each domain possesses a surface 
with a homogeneous chemical composition. However, 
single terraces can show a different orientation of the 
molecular surface structure. Terraces separated by 
nb + b/2 have a surface structure rotated by 180 ~ against 
each other. 

F rom transmission electron microscopy measure- 
ments on TGS [40] it was already concluded that the 
positive and negative domains exhibit a different surface 
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Figs. 6 and 7. The orientation of the cantilever scan direction is fixed. 
The sample is mounted on a round sample holder with an accurate 
angle scale. The rotation angles given in Figs. 6 and 7 refer to that 
number which points to the black dot indicated in this figure. In the 
present case, the sample rotation angle would be denoted by 270 ~ , 
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Fig. 9. Relative frictional contrast as a function of the sample rota- 
tion angle. A phase shift between the negative ([~) and positive (o) 
domain by 15 ~ can be observed 

configuration. The experiments utilising a combination of 
the low-angle shadowing technique and the decora- 
tion technique revealed steps of height b/4 between 
neigh-bouring domains of opposite sign. The surface of the 
positive domains should always consist of SO~-G1 layers 
(in our case layer A or A'), whereas the surface 
of the negative domains is composed of G2-G3 layers 
(B or B'). The arrangement of the molecules at the 
(010) surface for both domain types is shown in Figs. 10a 
and b. 

From the knowledge of the symmetry relations be- 
tween the different terraces on one domain it is possible to 
make a simple and intuitive approach to the phenomenon 
of the frictional contrast on TGS. As is shown in Fig. 5, 
the frictional signals for forward and backward scan direc- 
tions are not reversed. This can only be explained by 
a different friction coefficient for the forward and back- 
ward scan direction on one single terrace, i.e., the friction 
coefficient on TGS (010) is not only anisotropic, but also 
direction-dependent according to the definitions in the 
introduction (Fig. 4). The difference in the friction coeffic- 
ient should have its reason in the geometrical arrange- 
ment of the molecules on the surface which determines the 

surface potential and therefore the friction coefficient. 
Due to the 21 screw axis parallel to the b-direction, 
the terraces separated by steps of height nb + b/2 have 
a molecular surface structure rotated by 180 ~ relative 
to each other. Hence, the friction coefficient on such 
a terrace must be the same for a tip moving in forward 
direction as the friction coefficient on a terrace with a 
rotated surface structure when moving the tip in back- 
ward direction. 

A closer look to the molecular structure of the nega- 
tive domain is given in Fig. 10a. The G2-G3 molecules 
form a saw-tooth-like structure perpendicular to the c- 
axis (Fig. 4b). From this structural model, the directional 
dependence of the friction behaviour for backward 
and forward scan direction can be expected to be 
strongest perpendicular to the c-axis since the anisotropy 
of the potential is most prominent in this direction. 
On the other hand, the directional dependence should be 
weakest along the c-axis. Comparing this assumption with 
the friction behaviour of the negative domain shown in 
Fig. 6, the observed frictional contrast can well be 
explained. 

The friction behaviour can further be analysed in 
terms of the models for wearless friction already men- 
tioned in the introduction. In most of these models, 
a stick-slip mechanism occurs caused by atoms or molecu- 
les jumping suddenly from one potential minimum to 
another, thereby dissipating energy. If the potential bar- 
rier between these minima looks different in forward or 
backward direction, the slip will occur at different points, 
and thus change the amount of the energy dissipated 
during the slip process. This leads directly to the observed 
difference in friction. 

The molecular surface structure of the positive domain 
is displayed in Fig. 10b. The corrugation seems to be small 
in comparison to the surface of the negative domain. The 
most characteristic features are the oxygen atoms from the 
SO4 molecules sticking out of the surface. They form rows 
along the c-axis. From the surface structure, the same 
friction behaviour as for the negative domain can be 
expected. Nevertheless, the frictional contrast vanishes 
not at scan directions parallel to the c-axis but at scan 
directions perpendicular to the a-axis. Hence, for the pos- 
itive domain, the explanation of the friction contrast 
seems not to be as simple as for the negative domain and is 
still under investigation. It should, however, be noted at 
this point that, by measuring the frictional contrast be- 
tween the terraces, the difference between the frictional 
force on different terraces is observed, not their absolute 
values. 

In summary, it was shown that on (010) cleavage 
faces of ferroelectric TGS crystals, frictional contrast 
does not only occur between domains of different polarity, 
but also inside domains. Moreover, the frictional force 
was demonstrated to be highly anisotropic; the friction 
coefficient was even different when scanning forward 
compared to scanning backward in the same direction. 
This behaviour could be correlated with the crystallo- 
graphy of TGS which features an asymmetric arrange- 
ment of the molecules at the surface, thus causing an 
asymmetric surface potential which is traced by the 
F F M tip. 
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Fig. 10. a Perspective view of the (010) surface of a negative do- 
main exhibiting a surface step of half of the unit-cell height. The 
structure consists of G2-G3 molecules forming a saw-tooth-like 
pattern perpendicular to the c-axis which is rotated by 180 ~ around 
the b-axis on the lower terrace compared to the arrangement on the 
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upper terrace, b The surface of the positive domain consisting of 
G1-SO 4 molecules. The characteristic features are the oxygen 
atoms sticking out of the surface and forming rows along the c-axis. 
The molecular arrangement on the lower terrace is again rotated by 
180 ~ compared to the upper terrace 
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