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Modeling of stick-slip phenomena using molecular dynamics
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Molecular dynamics simulations are performed to investigate the atomic-scale stick-slip phenomenon of a
pyramidal diamond tip inserted into the 4.0 surface. The mechanisms behind the stick-slip events are
investigated by considering sliding speeds between 1.0 and 5.6 amsl vertical support displacements of 5
and 15 A. The analysis of the dynamic features of the substrate shows that dislocations are extrinsically linked
to the stick events, with the emission of a dislocation in the substrate region near the tip, when slip occurs after
stick. For small vertical displacements, the scratch in the substrate is not continuous because the tip can jump
over the surface when slipping, whereas at 15 A, a continuous scratch is formed. The dynamic friction
coefficient increases frony 0.13 to~0.46 with increasing depth, but the static friction coefficient increases
only from ~0.32 to~0.54. At the larger depths the tip does not come to a halt during stick as it does for
shallow indents. Instead the tip motion is more continuous with stick and slip manifested by periods of faster
and slower motion. Although the exact points of stick and slip depend on the sliding speed, the damage to the
substrate, the atomistic stick-slip mechanisms, and the friction coefficients are relatively independent of speed
over the range of values considered.
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. INTRODUCTION 0.5x10 *ms™! is reached at which point the frictional
force remains approximately constdftHowever, the simu-

Stick-slip is a common phenomenon; for example, it is thelations presented here are several orders of magnitude faster
cause of sound generatiga violin string, a squeaking door, and are concerned with ploughing friction and so are not
or the chatter of machineyysensory perceptioftaste, tex-  directly comparable.
ture, and feg| earthquakes, granular flow, and so'dn.any Because nanoscale stick-slip is an increasingly important
mechanism where the kinetic friction is less than the Stati(.bhenomenon, a number of theoretical and experimenta| in-
friction there will be a tendency for the motion to be inter- yestigations have been carried out in recent yearst|ail?
mittent rather than smooth. The “stick” is due to the higher herformed molecular dynami¢#D) simulations of sliding
static friction between the surfaces, and the “slip” due to thegriction showing that elastic deformation of the surface layers
lower kinetic friction during the slip itseft.The squeaks and can also be a main cause of the atomic-scale stick-slip phe-
grunts generated by sliding surfaces usually arise from Vibraﬁomenon. Other atomistic simulation work can be found in
tions set up by the intermittent nature of the sliding procesg, ofe- 10,13,14 and experimental work in, for example, Ref.

itself. Intermittent motion is a common occurrence in sliding . . . .
X . . 10-12. A direct comparison between experiment and simu-
mechanisms and a great deal of ingenuity has been used in

trying to overcome it, particularly in the operation of auto- lation is still not completely possible because of limitations

mated machinery. Because of the adverse effects of sticlp-et\"’een experimenta_ll time scale_s and _system sizes and what
slip, a number of methods are used to prevent it. These metf currently computationally possible with modern computa-
ods generally decrease the amplitude of the slip, or thdonal resources. However, de_splte differences betwe(_en the
sliding velocity during the slip, either by increased damping,SPeed of the tip and and the size of the system, the simula-
increased inertia, or by increased stiffness of the spting.  tions are able to capture many of the features observed ex-

Despite the phenomenon of stick-slip occurring over anyPerimentally. Many MD studies of the stick-slip have been
length scalits origins are still not well understood. In mac- concerned with the study of sliding fricticn'>~*>However,
roscopic situations, Bowden and Tabattributed elastic de- Scratch testing is an important practical tool for the investi-
formation as a primary cause of stick-slip but it is not cleargation of surface mechanical properties and in this investiga-
that this will also be the case for microscale or nanoscaldion ploughing rather than sliding friction is considered. The
processes. Atomic scale stick slip in a scanning force microdynamics of the indenter and the substrate, including the
scope(SFM) was first reported by Matet al® Stick slipina  behavior of the different forces in action, the coefficient of
SFM can occur because the tip has to climb the potential hilfriction, at particular stick and slip events are studied during
of the surface atoms and thus is dependent on the direction scratching of an A@10) surface by an atomistically defined
which the tip moves. A zig-zag motion of the SFM tip over diamond tip. The variation of sliding speed and indentation
the surface can occur and for small sliding velocities a disdepth and their effects on the occurrence of the stick-slip
tortion of the SFM image is observed as the tip tries to keepvents are investigated. Analysis of the local geometric con-
to the lowest energy pafhFor sliding friction, there has also figuration and potential energy of atoms underneath the tip is
been shown to be a linear increase of the frictional force wittalso performed to probe for any generation of subsurface
the log of the sliding speed until a certain speed of aroundiefects.
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Support B 4 at indentation depth of 5 A, the spring constants of the hori-
zontal and vertical springs, used in the calculations vkgre
=40.05 Nmi * andk,=240.30 Nm'*, respectively, whereas

y for the simulation at the deeper indent of 15 K,
=120.15 Nm'* andk,=352.44 Nm'*. The mass of the tip
was taken to be 3.2410 2 kg. The values of the vertical
spring constants were chosen to be consistent with values in
an SFM device so that the actual scratch depth was between
2 and 2 the value of the support displacement. For nanoin-
dentation devices the spring constants are typically larger
than those used in scanning force microscopy. A value of
352 Nmi ! is towards the higher end of those quoted by in-

FIG. 1. A schematic diagram of the model used to simulate thestru_ment mar!ufacturersl. A similar rea§oning Was.behinq the

choice of horizontal spring constant, i.e., the spring neither

extended excessively during the dynamics nor was so stiff
that it behaved as a solid body. If smaller values of the spring
constants are used then the spring deforms further before the

Figure 1 shows a diagrammatic representation of thdorce builds up sufficiently for the motion to occur. However,
model employed in the MD simulations. The model consistg00 large a value means that there is insufficient flexibility
of an indenter attached to two springs, positioned in the horifor the spring to extend or compress and the tip motion oc-
zontal(x) and verticaly) directions. The supports attached to curs as a forced motion moving with the prescribed velocity
the springs move with a prescribed velocity. The simulationof the support. Some tests were carried out to try to deter-
consists of three stages, namely, the indentation of the sutdine a reasonable value for a damping constant for the
strate, the relaxation of the system, and then scratching of th@prings. However, the stick-slip phenomenon was found to
substrate by the horizontal displacement of the supfort ~ be very sensitive to the value of the damping constant with

The indenter is modeled atomistically and is a 90°too large a value resulting in a rigid spring with no stick and
triangular-based pyramid constructed from a cube corner of @maller values giving results which were qualitatively similar
diamond crystal with(100), (010), and (001) faces, so that to those with no damping. As a result no damping was in-
the normal to the substrate lies in thil1) direction of the  cluded in this initial study.

diamond lattice. It is generated with a rounded tip by trun- At the beginning of the indentation, the indenter vertex

cating a number of atoms at the ap@x?° The interaction ~Was positioned at a height b A above the substrate surface,

between the indenter atoms is modeled using the Brennavhich was outside the cutoff range of the tip-substrate inter-

C-C potentiaP*??> The substrate is a face—centered cubicaction potential. The substrate was then indented to the re-

(fco) silver crystal and is oriented such that {840 surface  quired indentation depth. Although the suppBrtmoves a

is indented. The Ag-Ag interaction is modeled using the Ack-distance of 5 and 15 A, the actual indentation depths of the

land embedded atom metfddpotential and scratching is tip apex were 1.25 and 9.86 A, due to the compression of the

parallel to the(100) substrate direction. The interaction be- apex and the spring during indentation. In the simulations, an
tween the indenter and the substrate atoms is modeled iniadenter of~4100 atoms is employed, but different substrate
purely repulsive way by the Ziegler-Biersack-Littmack Sizes are used, depending on the sliding speed and indenta-
potential®* This approach is chosen to simplify the physicstion depth in order to increase the efficiency in use of com-
since we are interested in investigating the link between mapPuting resources. The number of substrate atoms and the
terial deformation and stick-slip events, rather than adhesioimensions of the substrate that are employed in the different

or adsorption. Fixed boundary conditions are applied to th&imulations are given in Table I.

outer two layers of the substrate in thandz directions. The  In performing the simulations, the springs are assumed to be

remaining substrate atoms are damped to remove the surpl@gnnected to the topl11L plane of tip atoms. These atoms

of energy added to the system by the indenter. The Lindharcre treated as a point mass that move together and experience

Scharff inelastic loss mod@lis used for the damping of the an integrated vertical force, from all the free atoms in the

atoms so that the temperature of the tip and the substraigdenter below and also a force from the attached spring.

does not rise excessively and stabilizes at a low value. ThiBuring the indentation phase the fixed atoms are constrained
was found to be a reasonable model in previous investigdn the horizontal direction. The equation of motion of this
tions of nanoindentatiotf Moreover, all our simulations point mass is therefore,

were started at 0 K.

Simulations were carried out at an indentation depth of 5 ma,(t)=Fy(t) +k,[ys(t) —y(t)], 1)

A and at three different sliding speeds\8f=1.0, 2.5, and

5.0 ms !, whereV, is the sliding speed of the horizontal wherea,(t) is the vertical acceleration of the indenter atoms

supportA. Further simulations were performed at indentationat timet, m is the mass of the tip, ang(t) is the vertical

depths of 5 and 15 A and the sliding speed 4} displacement. The terrk,[yg(t) —y(t)] is the spring force
=1.0 ms ! to study the effect of varying the indentation on the indenter. The displacement of the vertical support
depth on the stick-slip events. For the simulations performeghown in Fig. 1 is given byyg(t)=Vgt, 0<t=<T, and

Sprin;
Support A PEnE

stick-slip friction mechanism.

Il. METHODOLOGY
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TABLE |. Table showing the substrate sizes employed in the different MD simulations.

Indentation Sliding speed Total simulation Dimensions of Number of
depth of horizontal timéns) substrate substrate atoms
) support (ms?)
5 1.0 5.0 140 A20 Ax80 A 17 656
5 25 4.0 180 A20 Ax80 A 21656
5 5.0 2.0 180 A<20 Ax80 A 21656
15 1.0 5.0 180 A 45 Ax100 A 50520

Ye(1) =Ymax=VeT,, T\<t<T,. . HereT, is the indentation different sliding speeds of the suppdkt The spring force
time andT,,, the time at which the relaxation process ends.lies in the approximate range of 0-12 nN, for all the three
In all casesT,,,— T, was fixed at 10 ps. cases. All the graphs have large maxima located at distances
During scratching, the fixed layer of indenter atoms areassociated with the positions of atomic rows and correspond-
displaced in the horizontal directionby motion of the sup- ing to stick events. However, not all atomic rows correspond
port A but are constrained in thedirection. The suppordis  to such an event showing that slipping over the atomic rows
set in motion with a constant spe¥( in the x direction for ~ occurs which depends on the sliding speed. Microslip events

t>TreI and thus the equations of motion are given as can be seen at the beginning of the SCfatChing simulations for
the cases o¥/,=2.5 and 5.0 ms?, shown in Figs. &) and
ma,(t) =F,(t) + k] Vat—x(t)] (2 2(c). For these cases, at the start of the horizontal motion,

there is no true stick and the small maxima in these curves
are due to the tip sliding over individ;al rows of substrate
— _ atoms(the Ag lattice constant is 4.09)Ainstead of plough-
May () =Fy (K [Ymay(®)], ® ing through the substrate. There are also shoulders on the
where a,(t) is the horizontal acceleration of the indenter right slope of each peak which again correspond to the slid-
atoms x(t) is the horizontal displacement. The foreg(t) is  ing of the tip over individual atomic rows.
the integrated force arising from the action of the free in-
denter atoms with the fixed atoms and is thus also the same

and

S
<

as the frictional force arising from the interaction of the tip ¢Z=, 2 VA
with the substrate. Sinde, andF, are time dependent, the g F) X \'\\
friction coefficient u=|F,/F,| will also be a function of %, VAN
timet. In the presentation of the results that follow, we define 2 1 'Y \L«\A,J'
the dynamic friction coefficient as the time average value of S ki '
u(t). The static friction coefficient is calculated as the aver- o 7 2 7 4
age of the Iargest maxima W(t) Horizontal displacement (nm)
@V =1.0m/s
IIl. RESULTS AND DISCUSSION % 72
The results will be presented, by making first a compari- g 4 A
son between the simulations performed at a fixed vertical “é,, P II \.II \
support translationfos A but at the three different sliding g - AN
»

speeds o¥/,=1.0, 2.5, and 5.0 ms'; second, by comparing
the results from simulations with the sliding speed\of ? Horizontal displavement (nm)
=1.0 ms ! but with different indentation depthd 6 A and OV =25 ms

15 A. Because the tip is modeled atomistically there is some A
distortion of the tip during both the indentation and the
scratching process. For the nominal 5 A indentation depth,
the tip compresses by around 9%4 A in a tip height of

72

N
7 /!‘ﬁ

x-spring force (nN)

26.5 A), which together with the spring compression gives ’ ~ [f\\\f\\

an actual indentation depth of around 1.25 A. During inden- P A |

tation the tip also undergoes a lateral distortion of 0.6 A so o v 2 5 4
that the vertex does not lie directly below the center of mass Horizontal displacement (nm)

of the top layer as it does at the start of the simulation. The
distortion oscillates during the lateral motion, depending on
the stick or slip event reaching a maximum of about 1.4 A" FIG. 2. Figures showing the plot of the horizontal spring force
corresponding to a twist o 3°. against the horizontal displacement of the indenter, for three differ-

Figures 2a)—2(c) show the relationship between the hori- ent sliding speeds 0f,=1.0, 2.5, and 5.0 ms" at an indentation
zontal spring force and horizontal displacement, for the thre@epth of 5 A.

©V =50m/s
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FIG. 3. Figures showing the emission of dislocations for the Horizontal displacement (nm)
shallow indent &5 A and for a sliding speed of 1.0 m&. The (b)
figures are colored according to the modulus of the slip vector given
in the key. . =
N —— x-spring force =Y
. . . i % 75 — vertical displacement [ & g,i.
The motion occurring after a major stick event was found = O — i o
to be associated with plastic deformation of the substrate 5 70 /Li ﬁ‘l— voz g
with the emission of a dislocation in the region below the % / /’( - 8
indenter. This is illustrated in Figs(®-3(f). Here, the at- £ 5 -oof 3
oms are represented as circles, shaded according to the % f - a2
modulus of the slip vectd® The red atoms show the region " 1 ‘ oo g
of the lattice that have undergone a perfect dislocation, with 26 40 44 48 =
Burgers’ vectorb=3(110). The green circles represent at- Time (ns)
oms on a stacking fault. The emission of the dislocations
occurs over a short time scale. At the end of the stick process (c)
shown in Fig. 8b), a partial dislocation is emitted in the ] ) ) ]
<10]> direction followed by its retraction, Figs.(@—3(e), FIG. 4. Figure showing the plot of th@) horizontal displace-

. . L . . ment of the indenter and the horizontal support as a function of
a”‘?' the emission of a _fuII dislocation in th¢01> d'_reCt'o_n' elapsed time. The points where the tip and the support are farthest
This then remains during the rest of the simulation. F'gure%eparated also correspond to the maximum horizontal distortion of

3(b)—3(f) should also be compared with Figa#-4(c). The  the tip, e.g., 1.4 A at 4.5 pgh) velocity of the indenter in the
stick event is clearly shown in Fig(@ after 4.0 ns when the orizontal direction against the horizontal displacement of the in-
support and tip motion separates. There is even some motiienter, for the case when the simulation was performed at a sliding
of the indenter in the reverse horizontal direction until aspeed ofV,=1.0 ms ! and at an indentation depth of 5 A. The
catching up process occurs. The length of time of the stickelocity is averaged over a time scale of 25 ps; plots of the
event is quite short, of the order of 150 ps. During this time,spring force in the horizontal direction and the vertical displace-
Fig. 4(c) shows that there is an upward jump of the tip of ment of the fixed atoms of the indenter, against time at a sliding
about 0.5 A as the stress in the substrate is relieved and thspeed of 1.0 ms' and at an indentation depth of 5 A. Here the zero
motion begins again. The horizontal spring force also begingoint for the vertical displacement is after the indentation and re-
to increase during the stick event. The emission of dislocalaxation phase.

tions in the substrate was not observeddd A depth when

the tip was constrained to move with a constant veldCitn.  averaged over 25 ps time windows. There are a number of
that case only elastic deformation of the substrate took placeninima where the tip velocity is zero and even negative,
Here there is plastic deformation when the actual indentatiocorresponding to stick events and a clear slip event for the
depth is only 1.25 A. Figure(#) plots the velocity of the tip  horizontal displacement of between 3 and 4 nm.
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(a) FIG. 6. Plot of the friction coefficient against the horizontal
displacement of the indenter, for the case when the simulation was
performed at a sliding speed ¥f,=1.0 ms * and at an indentation
depth ¢ 5 A in the domaint=2.0 tot=3.2 ns.u increases tq. to

build up tension on the horizontal spring during the stick phase. The
indenter slips and the kinetic component persists.

between the surface damage of the substrate for the three
cases where the simulations were performed at sliding speeds
of V,=1.0, 2.5, and 5.0 ms shows that the surface dam-
(b age is qualitatively the same in all three cases except for this
initial slip which is more pronounced at the faster speeds.
During this slip, of the tip over the surface, Fighb shows
that no subsurface dislocations form. Dislocations are only
formed in the substrate when stress is released after the next

FIG. 5. Figure showing the top view of substrate at the end ofstick event. Figure @) shows also that there are few piled up
the scratching simulation, at the indentation depth of 5 A and aatoms on the surface despite the displacement of surface at-
sliding speed of 2.5 ms-. (a) is colored by depth, with light blue oms to form the scratch. These atoms are displaced into the
atoms above the surface and red atoms below the surfacés  bulk through the dislocation emission process. There is a
colored according to the modulus of the slip vector given in the kGYCorresponding but small surface deformation.

The simulations show that the horizontal and vertical

Figure 5a) shows the top view of the substrate surface atforces on the tip are highly correlated. As a result the graphs
the end of the simulation showing the damage done to thef the friction coefficient as a function of horizontal distance
surface by the indenter for a sliding speed ®,,  have almost exactly the same shape as the horizontal force
=2.5ms . Figure 8b) shows the atoms underneath thecurve given in Fig. 2. Figure 6 shows the variation of the
substrate surface that have moved. The scratch shown in Figoefficient of friction with horizontal displacement at a slid-
5(a), is not continuous compared to that seen in Ref. 20ng speed oV,=1.0 ms ! and a vertical support displace-
where the top layer of the tip atoms were constrained tanent of 5 A, which should be compared with the correspond-
move in a predetermined way without attached springs, being curve in Fig. 2a). Slip is easily recognized not only from
cause of the slip experienced by the indenter. It can b¢he velocity curves but also as corresponding to that part of
clearly seen that the initial motion occurs with such a slipthe curve in Fig. 6 where the friction coefficient has a low
event which is marked on the figure. This initial slip occursvalue.
also at a speed of 5.0 m& The jump over the surface cor- Figure 6 shows that there is a stick event at approximately
responds exactly to the microslip events already discussed ih4 nm where the value @i rises to the maximum value of
the horizontal spring force plots of Fig(l8. A comparison the static coefficient of frictionus. The actual values of

slip vector (1&)
038 1.04 1.69 235 301
T S .

TABLE Il. Results of MD simulations for the three different sliding speeds and at the two different
indentation depths.

Sliding speed Normal force Frictional force Dynamic coefficient Static coefficient
(ms™ ) (nN) (nN) of friction of friction

Indentation depth of 5 A

1.0 28.3 3.8 0.13 0.32

25 28.3 2.6 0.09 0.28

5.0 28.0 2.8 0.10 0.29
Indentation depth of 15 A

1.0 106.1 49.1 0.46 0.54
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(b)
slip vector (A)
038 1.04 169 235 3.01 FIG. 8. Graphs showing the horizontal displacement of the in-
I T =

denter and the horizontal suppoft at a sliding speed oW,

=1.0 ms ! and indentation depth 5 A and(b) 15 A.
FIG. 7. Figures showing the top view of substrate at the end of ms * and indentation depths ¢&) and (b)

the scratching simulation, at an indentation depth of 15 A and a
sliding speed of 1.0 m&.. (a) is colored on depth, where the light Of 1.0 ms *. Here the maximum height of the pileup of sil-
blue-colored spheres around the edge of the hole represent piled Mg atoms is~7.9 A compared to the case of the shallow
atoms on the surface and red spheres represent subsurface atoffi§lent, where just a few adatoms were observed. The pileup
(b) is colored according to the modulus of the slip vector. The slipcan also explain the higher static and dynamic friction coef-
planes on the substrate surface are marked by the white arrows ficients for the case of the deeper indent, shown in Table II,
(@). The black arrow in(b) shows the dislocation underneath the since the piled up material itself also acts as a resistance to
scratch groove, which corresponds to the slip planén the motion. This link between the pileup and the friction
coefficient was also observed in Ref. 20. Figufe) 7also
static friction coefficienfug given in Table Il are an average shows a continuous scratch with no slipping over the surface
of the largest peaks of the friction coefficient over the lengthat this depth and Fig.(B) shows the corresponding subsur-
of the scratch. The average normal and horizontal frictionaface damage, which is also more evenly distributed than that
forces and hence the dynamic friction coefficients for thefor the shallower indent. At a particular slip event the in-
three different sliding speeds and the two different indentadenter still displaces slightly in the negatiyedirection but
tion depths are also calculated and the values are given inecause the depth is greater9.9 A, it continues to plough
Table Il. Comparing the values of the static and dynamicthrough the substrate instead of sliding over the surface as
friction coefficients at the indentation depth ® A for the  observed for the case of the shallow indent. Figur@s &nd
three different sliding speeds we can see thattakes a  8(b) show the horizontal displacement of the indenter and the
value of around 0.3, whereas the dynamic friction coefficiensupportA for the simulations at a sliding speed of 1.0 Ths
takes a value of around 0.1. However, the dynamic frictionand indentation depths of 5 and 15 A, respectively. For the
coefficient at an indentation depth of 15 A increases almost5 A curve in Fig. &b), slip events can be observed where
three times compared to the value obtained from the simulahe horizontal displacement increases sharply but sticking
tion performed at 5 A. The static friction coefficient in- occurs not by the tip coming to an actual halt as it did at 5 A
creases slightly less from 0.3 to 0.5. The value of the dy-and 4 ns in Fig. &) but by a slow tip speed which is less
namic friction coefficient of 0.46 for the vertical support than that of the support as seen by the smaller gradient of the
displacement of 15 A, corresponding to an actual tip depth oindenter curve compared to the support curve.
9.86 A, agrees almost exactly with the value of 0.41 previ- Figures 9a) and 9b) compare the horizontal spring forces
ously calculated for an indenter constrained to move with dor the two scratching depths. The maxima in Fi¢g)Xor-
fixed speed at a depth of 10%. responds to the positions of atomic rows of atoms. The
Figure fa shows the surface damage for the simulationspring force is approximately ten times higher for indenta-
performed at indentation depth of 15 A and at sliding speedion depth of 15 A, Fig. &), compared to that at 5 A, Fig.

(b)
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% 7 Varying the support sliding speed does have an effect on
- 6 4 the motion of the tip. At faster speeds the initial impulse to
E 5 e \-\\ \\ the motion is transmitted through the spring causing an ini-
IRERF i \ tial slip event which does not occur at the lower speeds.
g 2 Increasing the depth of the indenter gives a continuous line
5 o2 of damage to the substrate, and then stick slip is manifested
Lo 12 14 16 18 by periods of motion where the tip moves faster and then
Horizontal displacement (nm) slower than the suppoftbut does not come to a hpkind by
(a) Indentation depth = 5 A the partly irregular shape of sides and bottom of the scratch.

The dynamic coefficient of friction, which is an average

S value over the length of the scratch, calculated using the

< A A / spring model is almost identical to that previously calculated

s ¥ i 4 \ /{ with the forced motion model, indicating that average fric-

E” ol 7N tional forces during the stick and slip events, where these

RS | /\' forces are both high and low in turn, are similar to that for

= . continuous motion. However, the stick-slip model allows the
1o 1z 14 16 18 calculation of the static friction coefficient which was not
Horizontal displacement (nm) possible previously. These static values are about three times

(b) Indentation depth = 15 A larger than the dynamic values at a depfhSoA but lie

closer to the dynamic values at 15 A, as might be expected

FIG. 9. Graphs showing the plot of the horizontal spring force hacause of the more uniform motion at the deeper ploughing
against horizontal displacement of the indenter at a sliding speed Qjepths.

1.0 ms ! and indentation depths ¢&) 5 A and (b) 15 A, in the

The success of the spring model in capturing the essential
range oft=1.0 tot=2.0 ns.

features of the stick-slip process during shallow surface

scratching gives us confidence to investigate more complex
) ! . .%?/stems where the effect of other parameters such as tem-
b_etween the_honzontal spring force maxima and the pOSIberature and adhesion between surfaces can be fully ex-
tions of atomic rows.

plored.
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