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Abstract The kinetics of the shear-induced surface-to-

bulk transport of methyl thiolate species formed from

dimethyl disulfide (DMDS) on a copper surface are

explored. It is found that the loss of surface species as a

function of the number of rubbing cycles can be modeled

by assuming that the adsorbed layer penetrates the sub-

surface a distance of *0.7 nm per scan. Adding wear to

this model does not improve the fit to the experimental data

providing an upper limit for the wear rate of *0.06 nm/

scan. This model is applied to analyzing the depth distri-

bution of sulfur within the subsurface region as a function

of the number of rubbing cycles, measured by Auger depth

profiling when continually dosing the copper sample with

DMDS. It is found that the shape of the experimental depth

profile is in agreement with the model developed to analyze

the surface-to-bulk transport kinetics of the adsorbed layer.

However, the profiles are almost identical for surfaces that

have been rubbed 130 and 360 times, so that the surface-to-

bulk transport kinetics are self limiting.

Keywords Dialkyl sulfides � Copper � Shear-induced

surface-bulk transport kinetics � Auger spectroscopy

1 Introduction

It has been found that interfacial shear while rubbing against

copper produces nanocrystalline structures in the subsurface

region [1–7]. It has also been demonstrated that adsorbed

thiolate species on copper, formed by exposing the surface to

dimethyl disulfide (DMDS) [8], can be transported into the

subsurface region of copper by shear at the interface [9, 10].

Here, the tribological conditions were selected such that the

interfacial temperature rise was negligible (\1 K) thereby

allowing thermal effects to be excluded. A rationale for these

observations comes from molecular dynamics (MD) simu-

lations of sliding interfaces which reveal the development of

a Kelvin–Helmholtz instability [11, 12] leading to shear-

induced vortices in the surface region that cause surface

atoms to be transported into the bulk [13–18]. The MD

simulations showed that the width of the deformed zone

varied as the square root of the sliding time, characteristic of

amorphous materials. However, a more detailed analytical

model that assumed a material flow law is described by the

Herschel–Bulkley model (where the shear stress sxy ¼ s0 þ

C du
dy

� �m

[19], s0 and C are parameters of the model, m is

strain-rate sensitivity, which can take values between 0 and

1, and du
dy is the shear strain rate) showed that the time

dependence t of the variation in the characteristic width of

the deformed zone, y* depended critically on the value of m

[20]. It was predicted that for m = 1, y� / t1=2 as found in the

MD simulations. However, many metals have m*0, [21, 22]

leading to y� / t. Thus, the sliding time dependence of the

width of the deformed zone depends in detail on the value of

the strain-rate sensitivity, m. It has been found that the strain-

rate sensitivity of metals in general, and of copper in par-

ticular, often increases with increasing disorder and the
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presence of nanocrystallites [21–27]. However, the copper

samples used for the tribological experiments have been

shown to exhibit a square low-energy electron diffraction

pattern [8] and therefore have rather well ordered surfaces. It

might be expected, therefore, that initial sliding against

copper, when the strain-rate sensitivity is close to zero,

would lead to a linear variation of the width of the deformed

zone with time.

Continually dosing a copper surface with DMDS while

sliding leads to a reduction in friction, consistent with the

shear-induced formation of a boundary film [10, 28].

However, it was also found that no reduction in friction

was observed for DMDS at higher loads [10]. This is in

contrast to what might be expected for a thermally induced

boundary film, where higher loads would lead to higher

interfacial temperatures and therefore more rapid thermal

diffusion into the bulk. In order to attempt to understand

this phenomenon in greater detail, and to provide a more

robust test of the predictions of the MD simulations and

analytical models of shear-induced surface-to-bulk trans-

port, the following explores the kinetics of material trans-

port from the surface into the bulk due to interfacial shear,

and the concentration profile of the resulting boundary film.

We note, in this context, that the tribological experi-

ments used to explore shear-induced surface-to-bulk

transport involve repeated intermittent sliding as opposed

to the MD simulations where the sliding is continuous [13–

18]. In the experiment described below in which the sur-

face is continually dosed with DMDS, the surface becomes

saturated with an adsorbed overlayer of thiolate species

between passes. Thus, for an experiment carried out with a

total number of passes n, the overlayer that was formed on

the surface during the first pass will have been rubbed n

times, whereas the overlayer that forms on the surface

during the final pass will only have been rubbed once. This

implies that a layer that has been rubbed some intermediate

number of times, say p, will have penetrated the sample a

distance / px where, as indicated above, the exponent

x will depend on the value of the strain-rate sensitivity,

m where x is 0.5 for m = 1, and unity for m = 0 [20].

These issues are explored using two experimental strate-

gies. In the first, the coverage of an initially saturated methyl

thiolate overlayer formed by dosing the copper surface with

DMDS at 300 K is monitored as a function of the number of

times it had been rubbed. In the second experiment, the depth

profile of a boundary film formed by continually dosing a

copper surface with DMDS while rubbing is measured.

2 Experimental

Tribological measurements were carried out in a stainless-

steel, ultrahigh vacuum (UHV) chamber operating at a base

pressure of *2 9 10-10 Torr following bakeout, which

has been described in detail elsewhere [29]. Briefly, the

chamber was equipped with a UHV-compatible tribometer,

which simultaneously measures normal load, lateral force,

and the contact resistance between the tip and substrate. All

tribological measurements were made with unidirectional

sliding using a speed of *4 mm/s at a normal load of

0.44 N. Previous work has shown that the maximum

interfacial temperature rise for a copper sample under these

conditions is much less than 1 K [9]. The spherical tribopin

(*1.27 cm diameter) was made from tungsten carbide

containing some cobalt binder and could be heated by

electron bombardment in vacuo to clean it. Experiments

were performed by initially rubbing the tribopin against the

clean copper sample (*1 9 1 cm2 by *1 mm thick) until

a constant friction coefficient was obtained. This resulted in

the formation of a wear track on the surface and likely in

the transfer of copper to the tribopin so that friction results

are for a sliding copper–copper interface. The DMDS was

dosed through a leak valve connected to a dosing tube

(with an internal diameter of 4 mm) directed toward the

sample so that the pressure at the sample is enhanced

compared to the measured background pressure, which was

set at 2 9 10-8 Torr during DMDS dosing (where pres-

sures are not corrected for ionization gauge sensitivity).

The interval between each scan is *20 s resulting in an

unenhanced DMDS exposure of *0.4 L [1 L (Lang-

muir) = 1 9 10-6 Torr s]. This suggests that the total

enhanced exposure between scans is sufficient to saturate

the surface with the adsorbed molecule.

The chamber also contained a single-pass, cylindrical-

mirror analyzer for Auger analysis, and an argon ion bom-

bardment source for sample cleaning and depth profiling.

Auger spectra were collected using an electron beam energy

of 5 kV. A high-resolution electron gun with a channeltron

secondary electron detector was also incorporated into the

system. This allowed scanning electron microscopy images

of the wear scar to be collected. Finally, the chamber also

included a quadrupole mass spectrometer for leak checking

and for gauging reactant purity.

The copper samples (Alfa Aesar, 99.99 % pure, 1 mm

thick) were polished to a mirror finish using 1 lm diamond

paste and then rinsed with deionized water and degreased

ultrasonically in acetone. Once in UHV, the copper sam-

ples were cleaned using a standard procedure which con-

sisted of Argon ion bombardment (*1 kV, *2 lA/cm2)

and annealing cycles up to *850 K. The cleanliness of the

samples was monitored using Auger spectroscopy.

The DMDS (Aldrich, 99.0 % purity) was transferred to a

glass bottle and attached to the gas-handling system of the

vacuum chamber, where it was subjected to several freeze–

pump–thaw cycles. The purity of the DMDS was moni-

tored using mass spectroscopy.
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3 Results

In all experiments, a wear track was initially created by

rubbing the clean sample 70 times to ensure that the con-

tact conditions remained the same for subsequent scans.

During this process, the friction coefficient dropped from

an initial value of *0.8 to a final, constant value of *0.45

[28]. The surface, including the wear track, was then sat-

urated with DMDS at a sample temperature of 300 K to

form a methyl thiolate overlayer [8]. An Auger signal

profile was obtained while scanning the electron beam

across the wear track by monitoring the S KLL Auger

signal at 151 eV kinetic energy. The sulfur Auger signal

was used in this and subsequent experiments since its cross

section is larger than that of carbon. The full Auger spec-

trum was collected within the wear track and the amount of

sulfur on the surface was gauged from the ratio of the peak-

to-peak intensities of the S KLL to the Cu LMM Auger

features. The surface was then rubbed several times at an

applied normal load of 0.44 N and a sliding speed of

4 mm/s. Auger spectra were collected at various sliding

intervals until no sulfur was detected on the surface. The

resulting plot of the S/Cu Auger ratio as a function of the

number of passes is displayed in Fig. 1. The experiment

was repeated several times and was very reproducible. The

line plotted through the data is a theoretical fit which is

described in greater detail in the next section.

A similar experiment was carried out in which an initial

wear track was created during a run-in period of 70 scans.

The previously rubbed portion of the surface was then

rubbed repeatedly at an applied normal load of 0.44 N and

a sliding speed of 4 mm/s, while the surface was continu-

ously exposed to gas-phase DMDS from a dosing tube with

a background pressure of 2 9 10-8 Torr. After various

numbers of passes, an Auger depth profile was obtained by

Argon ion bombarding the sample (ion current = 1 lA/

cm2, beam energy = 800 eV) [30, 31]. The sulfur Auger

signal ratioed to that of copper (S/Cu) for the methyl

thiolate overlayer outside the wear track (Fig. 2a, empty

square) displays an exponential decrease with ion bom-

bardment time due to sulfur atoms being driven into the

substrate as well as being bombarded away. The corre-

sponding S/Cu Auger ratios measured inside the wear scar

after various numbers of scans are also shown in Fig. 2a

[after 39 (filled square), 130 (filled circle), and 366 (filled

triangle) scans]. Note that the S/Cu ratio measured outside

the wear track (Fig. 2a, empty square) was identical for all

experiments. Thus the initial portion of the depth profile

inside the wear track contains contributions both from the

sulfur on the surface as well as that which had been

transported into the bulk. The surface sulfur Auger signal

(at a bombardment time of zero) is larger inside the wear

scar than outside, an effect that has been observed

previously and ascribed to the rougher surface in the wear

track being able to accommodate more thiolate species

[28]. Thus, the surface sulfur contribution to the signal is

subtracted from the depth profile within the wear track by

normalizing the profile outside the track to the S/Cu ratio at

the surface to reveal the distribution of subsurface sulfur.

This procedure is carried out for surfaces that had been

rubbed 39 (filled square), 130 (filled circle), and 366 (filled

triangle) times and the results are displayed in Fig. 2b. This

demonstrates that sulfur has indeed penetrated the subsur-

face region, but that the profiles for 130 and 366 scans are

almost identical, suggesting that the shear-induced surface-

to-bulk transport ceases completely after some number of

passes.

4 Analysis of Shear-Induced Surface-to-Bulk

Transport Kinetics

In order to analyze the shear-induced sulfur removal results

shown in Fig. 1, a model based on the analysis of Kart-

hikeyan [20] was adopted. The model assumes that shear at

the interface causes a layer that has been rubbed some

number of times, say p, to penetrate the sample a distance

d / px where the exponent x depends on the value of the

strain-rate sensitivity, m. As noted above, when m = 0, as

typically expected for crystalline metals, x = 1, while for

m = 1, x ¼ 1
2
. We initially analyze this process by assum-

ing that wear is negligible. The initial Auger signal in the

data in Fig. 1 (for p = 0) is for a methyl thiolate mono-

layer taken to have some thickness d0. Since the depth

sensitivity in Auger spectroscopy depends on the electron
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Fig. 1 Plot of the sulfur to copper Auger ratio measured within the

wear track for a saturated overlayer of methyl thiolate species on a

copper foil as a function of the number of passes of the tribopin with a

normal load of 0.44 N at a scanning speed of 4 9 10-3 m/s
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escape depth, z0, [32] the measured sulfur intensity for a

thiolate monolayer I(0) is given by:

Ið0Þ ¼ S

Zd0

0

C0e�z=z0dz ð1Þ

where S is the Auger sensitivity for sulfur, and C0 is the

monolayer concentration. Integrating Eq. (1) yields

I 0ð Þ ¼ SC0z0 1� e�d0=z0

� �
. If shear causes the sulfur to

penetrate a distance dp during the first pass then the total

distance that the layer penetrates after p passes, is

dðpÞ ¼ dppx. The initial surface sulfur concentration,

taken to be C0, must be conserved. If, for simplicity, it is

assumed that the sulfur is uniformly distributed throughout

the layer of thickness d, then the concentration after p

passes can be expressed as C pð Þ ¼ C0= dppx
� �

for a depth

Bd(p), and zero for a depth [d(p). Since the sulfur is

assumed to be uniformly distributed, C(p) also gives the

sulfur concentration at the surface. In this case, taking

account of the Auger depth sensitivity, Eq. (1) becomes:

IðpÞp� 1 ¼ SC0

d0

dp

� �
1

px

Zdppx

0

e�z=z0dz ð2Þ

This leads to a predicted form of the sulfur Auger signal as

a function of the number of passes p as:

IðpÞp� 1

Ið0Þ ¼
1� exp � dp

d0

� �
d0

z0

� �
px

� �� �

Pxð Þ dp
�
d0

� �
1� exp �d0=zo

� �� � ð3Þ

and thus depends on
dp

d0
, d0

z0
and x.

dp

d0
represents the distance

that the sulfur has penetrated the substrate relative to the

thickness of the initial thiolate layer and d0

z0
is the thickness

of the thiolate layer relative to the electron escape depth.

The value of d0 can be estimated from the atomic radius of

sulfur as 0.22 ± 0.02 nm. The electron escape depth at the

kinetic energy of the sulfur Auger electrons (at 151 eV), z0

*0.6 nm, [32] yields a value of d0

z0
= 0.37 ± 0.04 nm. The

data in Fig. 1 are, therefore, fit by constraining the value of
d0

z0
to be between 0.2 and 0.5. The line through the experi-

mental data in Fig. 1 shows the fit to Eq. (3), which

reproduces the experimental data very well, yielding

x = 0.93 ± 0.05 and
dp

d0
= 3.3 ± 0.3. The value of x

*0.93 is consistent with a strain-rate sensitivity m = 0, as

expected for sliding on a crystalline metal. It should be

noted that Eq. (3) fits the data well even for the largest

number (up to 80) of scans with a constant value of x. This

implies that, if the value of the strain-rate sensitivity m

does vary during rubbing, the change is not sufficient to be

detected from the loss of surface species. The good fit also

implies that the assumption that the sulfur is uniformly

distributed throughout the layer is reasonable. Using the

value of d0 from above yields dp = 0.7 ± 0.1 nm per scan.

Wear could also occur during sliding. The wear track,

once it is formed during the run-in period does not widen

significantly so that the subsequent wear is small. Indeed, the

amount of material removed per pass must be less than d0

otherwise all the sulfur would have been worn away during

the first pass. If the wear track width varies by only a small

amount, a constant wear rate will remove a constant film

thickness of w0 per pass. In this case, the average concen-

tration in the subsurface region remains unaffected since the

shear causes the sulfur to be transported to the subsurface.

Thus, the total distance that the layer penetrates after p passes

is modified to give d pð Þ ¼ dppx � pw0, and thus affects the

upper integration limit in Eq. (2). Evaluating the integral

yields a function for I(p) including wear yields

IðpÞp� 1

Ið0Þ ¼
1� exp � dp�w0

d0

� �
d0

z0

� �
p

� �� �

p dp
�
d0

� �
1� exp �d0=zo

� �� � : ð4Þ
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Fig. 2 a Sulfur Auger signal depth profile as a function of the Argon

ion bombardment time for methyl thiolate species on the surface of a

copper foil outside the wear track (empty square) and inside the wear

track for samples that had been rubbed 39 (filled square), 130 (filled
circle), and 366 (filled triangle) times. b Shows depths profiles inside

the wear track where the surface contribution was subtracted from the

profiles in (a) for samples that had been rubbed 39 (filled square), 130

(filled circle), and 366 (filled triangle) times. The surface was

bombarded with 800 eV Argon ions at a current of 1.0 lA/cm2
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The fit to the data in Fig. 1 is rather insensitive to w0

d0
for

values B0.1 and the errors in the other parameters start to

increase as w0

z0
increases above this value; however, the best-

fit values only vary very slightly from those produced by

the fit to Eq. (3). This indicates that the wear is sufficiently

low that it cannot be detected from the data presented in

Fig. 1 with the normal load used for this experiment

(0.44 N) and is less than *0.06 nm/scan.

Such an analysis enables the sulfur depth profile during

continuous rubbing to be explored using a similar model in

which the thickness of each shear-induced layer increases

by *0.7 nm per pass. If the initial concentration of the

sulfur on the surface is again taken to be C0, and the total

number of passes for the whole experiment is n, then the

concentration at some depth in the film z is given by:

C n; zð Þ ¼ C0

Xn

p¼z=dp

1

pdp
: ð5Þ

The sum Hn ¼
Pn

p¼1
1
p is the Harmonic number so that:

C n; zð Þ ¼ C0

dp
Hn � Hz=dp

� �
: ð6Þ

Now Hn ¼ ln nð Þ þ c� 1
2n� 1

12n2 � 1
120n3 þ Oðn�6Þ where c

is the Euler–Mascheroni constant. It is sufficient to write

the equation to the first order to yield:

C n; zð Þ ¼ C0

dp
ln

ndp

z

� �
� 1

2

1

n
� dp

z

� �� �
: ð7Þ

The calculated concentration depth profile from Eq. (7) is

plotted for 39, 130, and 366 scans in Fig. 3. This reveals that

the concentration decreases to zero when z
dp
¼ n, where n is

the total number of scans. The general concave shapes of the

curves are similar to those found experimentally (Fig. 2a).

However, as indicated by the depth profile measured for a

monolayer of thiolate species outside the wear track (Fig. 2a,

empty square), Argon ion bombardment itself causes the

sulfur to penetrate the bulk. The effect of sputtering a film of

composition C(z) can be gauged by convoluting with a depth

resolution function [30, 31], RðzÞ where the Auger signal at

some depth z within the sample, Y(z) is given by:

Y zð Þ ¼
Zz

0

C z0ð ÞR z� z0ð Þdz0: ð8Þ

The depth profile outside the wear track, due to a

monolayer of adsorbed thiolate species (Fig. 2a, empty

square), varies exponentially with sputtering time, so that

R z� z0ð Þ � e
�ðz�z0 Þ

s0 and a fit to the curve yields a

bombardment decay time of 3.9 min. A removal rate of

*3.2 copper atoms per Argon ion has been estimated for

ion bombardment at a beam energy of 1 keV, [33] yielding

a value of s0 *3 nm. Performing the convolution of Eq. 7

yields an equation for the predicted Auger depth profile:

Y n; zð Þ ¼C
s0

dp

 
ln

ndp

z

� �
þ e�z=s0

 
ln

z

ndp

� �
þ z

s0

� �

þ 1

4

z

s0

� �2

þ 1

18

z

s0

� �3
!!

:

ð9Þ

This depth profile is plotted in Fig. 4 for the simulations

shown in Fig. 3, with s0 = 3 nm and dp = 0.7 nm. A

similar analysis for a sample with a strain-rate sensitivity of

m = 1, which would give a depth per pass given by d pð Þ ¼
dpp1=2 yields an almost linear variation of concentration

with depth, C(n, z).

5 Discussion

The kinetics of shear-induced surface-to-bulk transport of a

methyl thiolate overlayer formed on a copper surface have

been explored. The analysis of the shear-induced removal

kinetics of the thiolate overlayer within the wear track

(Fig. 1) suggests that the shear front moves a distance that

is proportional to the number of scans, by *0.7 nm per

scan. It has been previously demonstrated that the sulfur

moves to the subsurface region [9], and the linear variation

of penetration distance with the number of scans is con-

sistent with the behavior for a metal with a value of strain-

rate sensitivity close to zero. Including wear in the analysis
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Fig. 3 Simulation of the sulfur concentration variation within the

sample for sliding on a copper surface assuming that a uniform front

moves proportionately to the number of passes at a distance of 0.7 nm

per pass for samples that had been rubbed 39 (filled square), 130

(filled circle), and 366 (filled triangle) times
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does not change the form of the fit to the data in Fig. 1,

suggesting that the wear rate is less than *0.06 nm/scan

under an applied load of 0.44 N.

A similar experiment was performed while the sample

surface was continually replenished with DMDS to ensure

that it was saturated with methyl thiolate species between

each scan. The sulfur depth profiles collected following

these experiments are displayed in Fig. 2a for measure-

ments within the wear track as a function of ion bom-

bardment time after the sample had been scanned 39, 130,

and 366 times. The contribution of the sulfur on the surface

was subtracted out (using the shape of the profile for a

thiolate overlayer outside the wear track in Fig. 2a, empty

square) and the resulting subsurface sulfur distributions are

displayed in Fig. 2b. This shows that sulfur has indeed

penetrated the subsurface region, but that the depth profile

does not change substantially when the number of scans is

increased from 130 to 366. It is interesting to note that

similar subsurface elemental distributions were found for

an oil-lubricated contact where the elements in zinc dialkyl

dithiophosphate were found in the subsurface region with

similar distributions [34].

In order to establish the form of the depth profile that

would be expected for a material with a strain-rate sensi-

tivity of zero, as found from the data shown in Fig. 1, a

simple model was adopted in which the front during each

pass moves a distance dp into the sample so that the thiolate

species adsorbed during the first pass would penetrate

further into the substrate than those at the end of the

experiment. This model is certainly consistent with the

assumption used to fit the data in Fig. 1. The results of the

simulation are shown in Fig. 3, where, as expected, the

concentration decreases to zero, as it should, at a distance

n � dp, where n is the total number of passes. All the

curves show the concave behavior seen for the experi-

mental depth profiles (Fig. 2a). Note that, using a similar

analysis as carried out in the previous section, a front that

moves as Hn, as would be expected for strain-rate sensi-

tivity of unity [20], would show an almost linear concen-

tration variation with depth. The simulations show a

significant difference in the profiles after 130 and 366

scans, while the measured depth profiles are almost iden-

tical. In fact, increasing the number of scans even more (to

500) reveals that, even within the existing model the profile

close to the surface starts to change rather slowly. The data

shown in Fig 2a were not rubbed for a sufficient number of

times for this to have occurred.

In order to gauge how the depth profile is influenced by the

Argon bombardment measurement, the forms of the Auger

depth profiles for the model results in Fig. 3 were simulated

by convoluting with a depth resolution function obtained for

the thiolate overlayer outside the wear track (Fig. 2a, empty

square). The results are displayed in Fig. 4 and the general

features of the experimental profiles are reproduced quite

well; the agreement with the experimental profile after 39

scans is good. The peaks in the profiles arise from the width

of the depth resolution function and shift to slightly longer

times for profiles collected with increasing number of scans,

as found experimentally. However, the simulations for 130

and 366 scans are significantly different from the experi-

ment. In particular, in the experiment, the signal decreases to

zero after 40 min of bombardment after scanning 130 and

366 times, while the simulations indicate that it should have

persisted for 90 min or more. This suggests that the model

proposed above fits well with experiment for an overlayer

rubbed a relatively low number (*40) of times.

Clearly the nature of the interface is changing as sulfur

(and carbon) penetrates the subsurface region and the

resulting boundary film causes a decrease in friction

coefficient [10, 28]. While the sulfur signal is monitored

since it has the largest Auger cross section, carbon is also

present in the thiolate layer [28] so that it is clear that the

material properties of the surface region will change as its

chemical composition changes. This could well affect the

value of the strain-rate sensitivity, thereby altering

the shear-induced transport kinetics and may also change

the value of dp causing the elemental depth profile to not

change at larger numbers of scans. In addition, a relatively

large sulfur concentration is found on the surface of the

wear scar. The reduction in friction found when copper is

lubricated using DMDS indicates a reduction in shear

strength, thus forming a friction-reducing surface structure

that would inhibit the formation of Kelvin–Helmholtz

instabilities by localizing shear, which could also cause the
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surface-to-bulk transport to cease. Further work is needed

to unequivocally identify the origins of this effect. None-

theless, the film growth mechanism is self limiting as

required for an effective lubricant. As the film is worn form

the surface, the shear-induced mechanism will once again

operate to replenish the boundary film.

6 Conclusions

The kinetics of shear-induced surface-to-bulk transport of

methyl thiolate species formed on a copper surface by

exposure to DMDS were explored. In the first type of

experiment, the loss of surface species in the wear track

was measured as a function of the number of passes by

Auger spectroscopy. It is found that the results can be

reproduced extremely well using a model in which the

adsorbate initially present on the surface moves a distance

of *0.7 nm per pass. This is in agreement with a theo-

retical analysis of the shear-induced Kelvin–Helmholtz

instabilities for a material where the shear properties can be

described by a strain-rate sensitivity of zero, consistent

with a crystalline metal substrate. Adding the effect of

wear does not improve the fit to the experimental data and

therefore suggests that wear is minimal under the condi-

tions used for the experiment.

The sulfur depth profile is also measured when the

surface is continually exposed to DMDS while rubbing.

The resulting experimentally measured shape of the depth

profile is consistent with the surface-to-bulk transport

kinetics found by monitoring the change in adsorbate

coverage as a function of the number of scans. However,

the depth profiles found after 130 and 366 scans are almost

identical indicating that the shear-induced transport of the

surface species when using DMDS is self limiting. This

effect could be due to either a change in the material

properties of the near-surface region that quenches the

formation of the Kelvin–Helmholtz instabilities or the

formation of a boundary film that localizes the shear.
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