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Time scales for cold welding and the origins of stick-slip friction
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Data from an instrument that measures conductance, stiffness, and rupture strength of junctions indicates
that when two macroscopic metal surfaces are brought into contact a nanometer size junction spontaneously
forms over a long time scale~60 9. Furthermore, the parameters of junction rupture match the observed
dynamics of stick-slip friction. This suggests that stick-slip friction has its origins in the formation and rupture
of junctions that form between surfaces in contact.
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The microscopic origin of the force of friction between dinal displacements. The measurements between gold and
surfaces in relative motion has been interpreted in termglatinum used the 98-N/m setup. The larger sphere is brought
of models that invoke asperitiés® bond formatiorf:®> into contact with the fiber-mounted sphere by means of a 2D
impurities® collective elastic deformatiorfsinteractions be-  piezocrystal driven stagé.Contact is monitored through the
tween electronic statésand charge separatidt’ The elec- mechanical displacement of the fiber along with the change
trical and mechanical properties of nanometer-sized metdah conductance. A four-probe conductance measurement is
junctions have drawn considerable interest in recent years fanade by biasing the junction with a 0.5 V dc potential dif-
their potential technological applications as well as for theference and limiting the current by adding 8 lseries resis-
light they shed on fundamental questions related to bondance. The voltage difference across the junction is measured
formation, friction, wear, and fracture between metals. Mostusing a specially designed logarithmic amplifier that pro-
experiments that study junction formation do so by bringingvides more than four decades of resolutidn.
the sharp tip of a scanning tunneling microscope into contact When contact is made, the shift in resonant frequencies of
with a surfacé~In order to investigate the role of bond- the two fundamental modes yields the longitudikaland
ing on friction between macroscopic metal bodies, we havéransverse, stiffness of the junction,
measured the dynamics of cold welds that spontaneously
form between surfaces brought into contact. As shown in K+ k¢ = Mggw?. 1)

Fig. 1 we find that upon contact the two surfaces “suck-in”

through the formation of a junction whose initial angstrom-Here, meﬁzkf/wg is the effective mass of the tip with the
sized radius grows by a factor of 504Al min. Furthermore, attached gold ball and, is the frequency of the fundamen-
the forces of stick-slip friction between these macroscopidal mode. For the Au-Au and Au-Pt measuremenig/2m
bodies match the forces required to break the nanometer=4.0 kHz. The force constant of the fiber-optic cantilever is

sized junctions. given byk;=37E.R*/4I%,?° whereE, is the Young’s modu-
The experiment is performed with a fiber-optic cantilever
surface probe microscof€ig. 2) that can measure displace- . T T == 2.0

ment and conductance accompanying the subnanoscale m«
tion of two metal spheres typically 0.1 and 1.0 mm in radii.
The smaller sphere is mounted near the end of a single-mod
fiber-optic element that serves both as a cantilever and &g radius
monitor of the sphere’s motion. A 1.5-mW superluminescent< 3| displacement
diode with a center wavelength.=850 nm and spectral /

width AN =30 nm is coupled into the single-mode fiber with
a numeric aperture-0.1. The cone of light exiting the end is
imaged onto a four-quadrant photodiode that is placé@0

um from the end. The two-dimension@D) displacement of
the tip in the plane of the photodiode is measured with a
sensitivity of 6x 1013 m/\/Hz. The details for this method
of detection will be discussed in a separate publicatiorhe 20 ” = P
stiffness of the fiber cantilever is determined by its diameter )

and by the distance between the metal tip and the point time (seconds)

where the fiber is clamped. Experiments between two gold gy, 1. Plot of longitudinal displacement and contact radius

surfaces were performed with two setups; in one a 2068-  after two gold surfaces are brought into contact. Ehgezocrystal
diameter sphere is glued 0.5 mm from the free end of & displaced until contact is establishedtat0 s, after which time
2.5-mm-long, 80am-diameter silica fiber, in the other the the piezocrystal voltage is held constant. The radius is calculated
fiber is 125um in diameter. The respective force constantsfrom the measured conductance using B.with ke=1.21 A%,
arek;=80 and 98 N/m for both the transverse and longitu-1,=34.2 nm, anck=0.8.

contact radius
1
=
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FIG. 2. (Color) Diagram of experimental setup showing the L
fiber-optic cantilever and detector arrangement. The gold ball atln the limit of small Knudsen numbét=r/l., the expres-
tached to the fiber is made by taking a segment of guan- Sion for the conductance was derived by Shafvin,
diameter 99.99% gold wire and bending it in half. The bent section
is then melted using a torch and forms a bal00 um in diameter. ot ' o
The two halves of the gold wire, which are naturally fused to the 10
sphere, are used in the four-wire conductance measurement. /
250-um gold or platinum wire is heated at one end and forms the
larger 2-mm-diameter ball that is attached to the piezocrystal stage
The vectorg is drawn to show the orientation of the apparatus with
respect to gravity.

lus of a silica rodR is the radius of the fiber, andis the
distance from the base of the cantilever to the gold ball. In
order to generate a response at the resonant frequency,
small amount of broadband noise in the range<3)5
<10 kHz is added to the dc voltage applied to the piezoc-
rystal controlling the tip-sample separation. The rms re-
sponse amplitude of the tip at the resonant frequency is 0.£ . .
A. A continuous time record of the longitudinal and trans- TS 6 7809 I B A
verse displacement is acquired at 20 kc/s using a 16-bit digi- 10 et radius r (om) 100
tizer with 1.8< 10~ 2 A/bit accuracy. The shift to the funda- ¢
mental modes of the fiber-optic cantilever is measured by g 4. Rupture stress vs contact radius for Au-¢@) and
breaking the data into 1500 point segments, Fourier transy, pt () junctions. The data is taken by bringing the surfaces into
forming each segment and recording the location of thggntact to form a junction of a given size. The longitudinal dis-
mode as a function of time. Each component of stiffness i, jacement and conductance is digitized while a linear ramp applied
calculated from the frequency shift using Hd). All mea- 5 the 7 piezocrystal pulls the surfaces apart. The stress
surements were performed after baking the surfaces at 60 °Cy A z/v2 s calculated from the maximum longitudinal displace-
at 10 ° torr for several days. The use of stacked piezoeleient Az and conductance recorded immediately prior to rupture.
ments does not permit baking at higher temperatures; theréne data points represent the average of several hundred such
fore, in order to purge water from the system, all surfacesyents for each pair of surfaces. The open circles with crosses rep-
were treated with 1-2 torr of 2,2-dichloropropane vapor in-resent the transverse rupture stress for Au-Au surfaces prior to the
troduced into the system during bakifig. slip events shown in Fig. 5. Note that the longitudinal and trans-
A radius r is assigned to the junction via Wexler's verse stress at a given contact radius are the same indicating that
formula?? which relates the conductance through an apertur@ond formation is the primary mechanism of frictional coupling for
to its surface area, these surfaces.
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—

Gs=5r% ki Go, ©) 30

displacement

wherekg andl, are the bulk metal Fermi wave number and 3
electron mean free path, respectively, &g 2e?/h is the ‘:
quantum of conductané&.The functionT'(K) matches the .
solutions in the diffusive limitK>1 with the ballistic limit
K<1 and varies slowly with respect . At the interface of
two different metalsr . is calculated from the measured con-
ductance using

20
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t 1 + 4
¢ 2la, ey) @

contact radius (nm)
(wu) Judwssedstp dn

where Gy, and G, are calculated using E@2) for the two 3

metals. If we define the transition between the ohmic and

ballistic regions to be wher&,,/G;=0.8, then for Au-Au

contacts this occurs at~10 nm as compared tg.~3 nm

for Au-Pt contacts. [
Figure 3 displays an example of the longitudinal and C

transverse stiffness that can be resolved with this apparatu

Also shown is the radius of the junction that forms between 436 433 440 442 44

two gold spheres as a result of forcing them into contact at | I S— 1

the rate of 0.8 A/s. The steps in radius are presumably relate: 0 20 40 60 80 100 120
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10§ - FIG. 6. Time scales for junction growth for Au-Pt junctions.
3 3 Following contact, the platinum ball is pressed into the gold ball by
- - displacing the cantilever by 10 nm. The displacement toztipe
6F E ezocrystal is then turned off and the growth of the junction radius is
' E measured for the next 120 s along with the longitudinal displace-
Z 4§ t ment of the tip. As with the data shown in Fig. 1, positive displace-
2 2_ transverse 3 ment values indicate that the centers of the spheres get closer pre-
§ E sumably due to one or both of the surfaces flattening as the junction
& () 3 forms. The contact radius is calculated using E§s.and (4) with
3 K =1.0. The material constants for platinum &e=1.18 A-* and
2F normal 3 [.=8.7 nm. The noise that is visible in both the displacement and
E \ 3 radius curves at=40 s is due to a short burst of undamped motion.
'4§' : As seen in the inset, this 2.5-Hz motion with peak-peak displace-
-6;ﬁ.................................................l...............—' ment of 15 A (i) causes a corresponding change in the junction

0 20 40 60 20 100 120 radius(ii). Note that for contact radii;~8 A, the radius changes in

units of 2e?/h.
transverse displacement (nm)

FIG. 5. Two gold surfaces are brought into contact and a lineato jumps in the number of conducting chann@té® By ap-
ramp is applied to the piezocrystal(transverse directignat 2.7 proximating the junction as a uniform cylinder of lendth
nm/s. The force applied to the junction is calculated by multiplyingand radiusr,, an estimate for the junction stiffness can be
the displacement by the force constant of the cantilever, which fogptained from elasticity theory. The longitudinal and trans-

this measu_rement i8;=80 N/m. The surfaces remain stU(_:k to'_verse stiffness are given U!L:WEgrc/M and ky=k, /2(1
gether, until the transverse force that builds up in the cantilever is

sufficient to rupture the junction. Negative values for the normal v), respectively, WhereEg and v are the bulk Young's

force represent compression between the surfaces. After each evem,OdUIUS and Poisson’s ratio for gold. Values for the aspect

the normal force decreases. As the scan proceeds, the relative traf@lio 4= /T are suggested to lie in the range 620 based on
verse displacement between the centers of the spheres increasé8aging of rodlike gold constrictions using high-resolution
thus decreasing the normal displacement. At the end of the scan, tifE2Znsmission electron microscoply.*' The calculated values
spheres have moved completely out of contact. The points of rupfor these two components of stiffness, taking-6.5 for all

ture, indicated by the open circles with crosses, are plotted on thgalues ofr ., are displayed in Fig. 3 along with the measured
stress curve in Fig. 4. data. The overall agreement between measurement and elas-
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ticity theory suggests that residual contaminants do not sigtion that forms(Figs. 1 and § thus, a greater force is needed
nificantly alter the mechanical properties of the junctions. to generate the next event. Simulations of friction between
Measurements of rupture are carried out by first bringingCu surfaces have been made by Sorensen, Jacobsen, and
the two spheres into contact, then pulling them apart by apStoltze®® who find that neck formation and rupture can give
plying a 9-nm/s linear ramp to thepiezocrystal. The stress rise to frictional coupling between surfaces. In their simula-
plotted in Fig. 4 is determined from the conductance andions, neck formation resulted from simulated annealing.
force at the moment of rupture. For the Au-Au measureéence, no comparison can be made with our measured long
ments, it is observed that the stress that is required to ruptuk&ne scales. The dependence of this time scale on tempera-
the smallest junctions.~ 3.2 nm iso~10 GPa, which cor- 1 o remains to be seen.
responds to the theoretical limit to rupture a gold latfite. Our observations on the tribology of metal surfaces also

: 5,33 ;
Previous measuremehts®**have also reported yield stress applies to incommensurate surfaces. Figure 6 displays the

in the 3—8 GPa range for gold point contacts with diameter, .
between 1-2 nm. We find that as the radius of the junctio spontaneous growth of a cold weld between gold and plati

m. Here, the ramp applied to tagiezocrystal is switched
grows to 70 nm, the stress de_crea§es nearly by a factor of att=7 s. After this time the surfaces weld at a rate that is
to g=~2x10° Pa. For Au-Pt junctlons,_thg rupture stress . rapid than the Au-Au experiments. Despite the more
drops nearly by a factor of 20 as the radius increases from 1 pid growth rate observed for these junctions, the rupture
t0 100 nm and approaches the tabuleg‘[‘ed value_ for MaCl%tress for a given radius is the same as for the Au-Au junc-
scopic platinum samples;=1.4x 16 Pa3* The region with

i ) . _tions.
a slope of—:_l..O can be interpreted as due tg fa|IL_1re of anng conclusion, contact between metallic surfaces leads to
of atoms with radiusr.. Molecular-dynamics simulations

A X .~ a spontaneous plastic deformation that is independent of the
have shown that the plastic yield for nanometer-sized junCqtta s of the applied load. The deformation is due to bond-
tions involves atoms primarily near the perimeter of the;n, "\yhich initiates at the angstrom level and proceeds up to
constriction,” thus the rupture force scales as and the  ine nanometer level on a long time scale. These bonded re-
stress scales as . o _gions account for the forces of friction. Resolution of the
Motion of the large sphere transverse to its junction W'thgrowth, and role, of these junctions in the macroscopic phe-
the small sphere generates a sequence of stick-slip events gsmenon of friction was achieved through the use of a sur-

shown in Fig. 5. The rupture stress and contact radius foface probe capable of measuring forces between macroscopic
these events has also been plotted in Fig. 4, where it can & gies with atomic resolution.

verified that they coincide with the measured forces of frac-

ture. We conclude that for this system stick-slip friction has We acknowledge K. Holzcer and J. Gimzewski for valu-
its origin in the junctions that spontaneously form at theable discussions regarding the technique and experimental
interface of two bodies. The force needed to break the juncresults and H. Lockart for technical assistance in the con-
tion is the force required to initiate a slip event. As the timestruction of the device. This work is supported by the U.S.
between slips increases, so too does the strength of the junDepartment of EnergyDivision of Engineering Researth

* Author to whom correspondence should be addressed. 15N, Agrait et al, Phys. Rev. B48, 8499(1993.
1J.A. Greenwood,Fundamentals of Friction: Macroscopic and 1°U. Durig, O. Zuger, and D.W. Pohl, Phys. Rev. Le86, 349
Microscopic Processe&luwer, Dordrecht, 1992 (1990.
2¢C. caroli and B. Velicky, J. Phys., 1391(1997). 17R. Budakian and S.J. Putterméampublishedl
%J.H. Dieterich and B.D. Kilgore, Tectonophys256, 219(1996.  8The distance between the spheres can be affected by piezocrystal
*F.P. Bowden and D. TabcFhe Friction and Lubrication of Solids creep in addition to the forces of interest. To minimize this arti-
(Clarendon, Oxford, 1986 fact, the sample is brought within tens of nanometers of the tip
°R. Budakian and S.J. Putterman, Phys. Rev. L8, 1000 and allowed to relax prior to a run. The remaining drift is found
(2000. to be about 0.5 A/min.
®H. Gang, M.H. Muser, and M.O. Robbins, Scien284 1650  1°U. Durig et al, Rev. Sci. Instrum68, 3814 (1997.
(1999. 20 D. Landau and E.M. LifshitzTheory of Elasticity(Pergamon,
"A. Schallamach, Weat7, 301 (1972). Oxford, 1970.
8A. Dayo, W. Alnasrallah, and J. Krim, Phys. Rev. L3, 1690  2!K. Tatenumaet al, J. Vac. Sci. Technol. A6, 2693(1998.
(1998. 22G. Wexler, Proc. Phys. So89, 927 (1966.
9B. V. Derjaguin and V. P. Smilga, Wedt 270 (1964). 23Y.V. Sharvin, Sov. Phys. JET#8, 984 (1965.
10R. Budakianet al, Nature(London 391, 266 (1998. 24H. Ehrenreich and D. TurnbulBolid State Physics Advances in
1A, stalder and U. Durig, Appl. Phys. Le#8, 637 (1996. Research and Application®cademic, San Diego, 1991
123 K. Gimzewski and R. Moller, Phys. Rev. 3, 1284(1987. 25G. Rubio, N. Agrait, and S. Vieira, Phys. Rev. Lef6, 2302
133.1. Pascuakt al, Science267, 1793(1995. (1996.
14| Olesenet al, Phys. Rev. Lett72, 2251(1994). 263 L. Costa-Krameet al, Surf. Sci.342 L1144 (1995.

235429-4



TIME SCALES FOR COLD WELDING AND THE.. .. PH®ICAL REVIEW B 65 235429

27T, Kizukaet al, Phys. Rev. B55, R7398(1997). 33N. Agrait, G. Rubio, and S. Vieira, Phys. Rev. Lef4, 3995
28y, Kondo and K. Takayanagi, Phys. Rev. L&tg, 3455(1997). (1995.
2%H. Ohnishi, Y. Kondo, and K. Takayanagi, Natuteondon 395  **R.B. Ross,Metallic Materials Specification HandbooiSpon,
780(1998. London, 1980.
30y, Rodrigues and D. Ugarte, Phys. Rev6B, 073405(2001). %5y. Landman, W.D. Luedtke, and E.M. Ringer, We&53 3
Sly, Rodrigues, T. Fuhrer, and D. Ugarte, Phys. Rev. 1851.4124 (1992.
(2000. 36M.R. Sorensen, K.W. Jacobsen, and P. Stoltze, Phys. R&@, B
32B.N.J. PerssonSliding Friction: Physical Principles and Appli- 2101(1996.

cations(Springer, Berlin, 1998

235429-5



