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Nonlinear sliding friction of adsorbed overlayers on disordered substrates
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We study the response of an adsorbed monolayer on a disordered substrate under a driving force using
Brownian molecular-dynamics simulation. We find that the sharp longitudinal and transverse depinning tran-
sitions with hysteresis still persist in the presence of weak disorder. However, the transitions are smeared out
in the strong disorder limit. The theoretical results here provide a natural explanation for the recent data for the
depinning transition of Kr films on gold substrate.
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[. INTRODUCTION torily so far. Considerable analytical and numerical results
are only available for driven lattice systems described by
Adsorbed overlayers under a driving force have attracte@verdamped dynamic$:*® Unfortunately, it is known that
much interest recently’! as important examples of driven inertial effects significantly modify the nature of the depin-
lattice system&>13 The nonlinear response of the overlayer ning transition’ Hence the results for these overdamped sys-
in the presence of pinning centers resulted in various steadMs cannot be directly applied to the sliding friction prob-
states, corresponding to a variety of different nonequilibrium{®m involving adsorbed overlayers on a substrate.
dynamic phases. The nature of these dynamic phases and the!n this work, we study numerically the nonlinear sliding
transitions from one phase to the other are the microscopitfiction of adsorbed overlayers on disordered substrates with
factors controlling the macroscopic sliding friction and @ SPecific model of point defects, where the strength of the
boundary lubricatior:**~*”Other closely related systems in- disorder can be varied by changing the concentration of the
clude vortex lattices in type-Il superconductéis®charge- ~defects. We investigate the longitudinal and transverse re-
density wave€* and colloidal crystal layer® In general, SPonse for weak and strong disorder by Brownian molecular-
both a periodic potential and disorder due to quenched dedynamics simulations. We find that the main features, such as
fects are present in theses systems. In particular, in the slidlySteresis, longitudinal, and transverse depinning transitions
ing friction and boundary lubrication of surfaces the under-Previously observed for periodic surfacesstill survive in
lying crystal lattice provides the periodic pinning potential the presence of weak disorder but are smeared out in the
which competes with defect pinning centers due to impuri-Strong disorder limit. Recently, the er|nn|ng transition of Kr
ties. films on gold has been studied using the quartz crystal mi-
For periodic substrates, it has been shown through mocrobalance techniqué.Our _res_ults for the longitudinal re- _
lecular dynamics simulation studies that there are differenfPONSe bear a strong qualitative resemblance to the experi-
dynamical phases for the driven overlayer such as pinnefleéntal data of the depinning transition. In particular, it
solid, sliding solid, and liquid phases. The transitions be_prowdgs concrete theorencall support to Fhe speculatlon that
tween these phases often involve strong hysteresis effect§he aging effect on the depinning transition is due to the
leading to important macroscopic behavior as the stick anécreasing disorder of the substrate.
slip motion, which can be observed experimentally with the
surface force apparatd$l® Most of the theoretical results Il. MODEL AND SIMULATION
were based on two-dimensional models of overlayers with ) ] )
Lennard-Jones potential interaction between the adatoms. The model of interacting adatoms on a substrate with
The results on these dynamical phases have been found to Bgint disorder subject to an external driving force for the
universal and are reproduced even in models with pure elag’esent study is a simple extension of the one previously
tic interacting potential. More recently. it has also been Uused for periodic substratés:” The dynamics is described
shown that, in the sliding state, the response of the overlayd}y the Langevin equation
to an additional force in the transverse direction can also lead
to a depinning transition at low temperatures. Different slid- - . dU Vv
ing states also occur in presence of quasiperiodic substrates mri+mapri=— a_ri_ a_ri+fi+ F, @
and have been investigated in detail recently for one-
dimensional model¥° However, the effects of disorder on wherer;=(x;,y;) is the adsorbate position)=3;u(r;) is
the main features observed for two-dimensional systemshe substrate pinning potential,==; ;v (|r;—r;) is the in-
which can arise, for example, from point defects on a ini-teractions between adatonts,is the uniform external force
tially periodic substrate, have not been investigated satisfa@cting on each adatom, afids a stochastic force, with zero
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average, and variance related to the microscopic friction pa- (a)
rameters, the mass of the particles and the temperaturg . ' T " ' g
by the fluctuation dissipation relation

10 F i
(frOF(t"))y=29mkTs(t—t"), 2) %x=0.1

wherea represents Cartesian components. We choose a sub-V, [ g ©
strate potential which provides a periodic pinning for the 05+ 4
overlayer except near a pinning center, given by the form

u(r)=Ug[2—cog2mx/a)—cog2my/a)].  (3) /
Near a pinning center(point defect located at R, 0'00.6 b a 0'.5 ' 1|.0
=(X;,Yp), the substrate potential is locally modified to the F,
form . (b)
. T . T .
u(r)=Ug[2—cog2mx/a)—cog2my/a)] (4) : 1
for 61 7
Xp—al2<x<X,+al2, a4l 4
T/T |
Yp—al2<y<Y,+al2. (5 .1 /@/%/ / ]
The strength of the random pinning potentiy is chosen to . @D‘[z SR A %’@*%@% _____________
be uniformly distributed in a range ofl}, with an average . . . |
(Up)=U,. The position of the pinning centersy, %0 05 1.0
=(X,,Yp) is randomly chosen on a square lattice of lattice E
parametera and linear size.. With this choice, a pinning x

center consists of a square region with a force that vanishes FIG. 1. Drift velocityV, (a) and effective temperatufe* (b) of

smoothly at the boundary. F&f,=U,, a constant, the en- o overlayer as a function of the external forég, for dilute
tire substrate potential reduces to the periodic cosine poteRfsorder x,=0.1. The results are fof=0.2 and system size

tial in Eq. (3) studied previously:*’ The strength of disorder | — 29 The direction of variation OF, is indicated by arrows.

is controlled by varying the concentratioy of randomly

chosen pinning centers. In the dilute limit 8f<1, corre-  adatoms were considered with the time variable discretized
sponding to weak disorder, this pinning potential has a prey, ynits of 5t=0.002- 0.01r, where 7=(ma/U,)Y2 The
dominant Fourier component at the wave vectkr main results were obtained fer=U, and=1. For each set
=(2mm/a,2nm/a). In the other limit of dense pinning cen- of parameters, calculations were performed for typically 1
ters withxg— 1, it represents an amorphous substrate with-4x10° time steps to allow the system to reach steady
strong disorder. The interaction between adatoms is repretate. Then an equal number of time steps are used to evalu-

sented by a Lennard-Jones pair potential ate time-averaged values of various physical quantities in
1 6 this steady state. Finally, the results are also averaged over a
v(rij)=el(ro/rij)=>=2(ro/rij)"], 6)  number of(typically 611 different realizations of the dis-

wheree is the well depth and,, is the particle separation at order through the distribution of tHg, value for the pinning
the minima in the pair potential. We have chosen the paramenters.

eters in the interaction potential to bg/a~1.5, e=U,, and

the adsorbate coverage @t 1/2. This choice is made such lll. RESULTS AND DISCUSSION

that the ground state of the overlayer in the periodic substrate
(x4q=0) corresponds to the commensurate pingéaAx2)
structure studied previously. For the periodic substrate, the The longitudinal response to an applied force at a tem-
longitudinal and transverse response of the commensurateeratureT=0.2, well below the melting transition tempera-
overlayer to an applied force in the present model have beeture of thec(2x2) phase on a periodic substralg,=1.2,
extensively studied in connection with the sliding friction is shown in Figs. 1 and 2 for dilute;=0.1 and dense dis-
and boundary lubricatidr?'’ problem. Thus, this model pro- orderxy=1, respectively. In the former case, the main fea-
vides a convenient starting point for the present study ofures are similar to that found for the periodic substrdte.
disorder effects. In the discussions below we use dimensioriFhe drift velocityV, is essentially zero below a critical value
less units normalizing the force byz2J,, velocities by of F, (neglecting the tiny contribution from thermal creep
27U,/ and temperature by, /kg. We study the nonlin- motion which is always present for nonzero ford&/hen the
ear response of the overlayer at different temperatures ardtiving force exceeds the critical valdg,, there is a sharp
pinning center concentrations via Brownian molecular-depinning transition where the overlayer starts to slide and
dynamics simulation®® Systems consisting dil=50-800 the drift velocity increases rapidly. Eventually a sliding re-

A. Depinning transition and longitudinal response
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FIG. 2. Drift velocity V, (a) and effective temperatufg* (b) of 0.2r é T
the overlayer as a function of the external for€g, for dense i 1

disorder x4=1. The results are foT=0.2 and system sizé& 0.0 . .

0.0 0.2 0.4 0.6 0.8 1.0 1.2
F

gime for F,>F_ is reached where the longitudinal sliding  gig 3. (3 Slip time 7 as a function of the amplitude of sub-
friction, deflned aSn F«/Vy, is close to the microscopic strate oscillations, obtained from experiments on Kr/Gd films using

friction, 7~ 7. There exists a hysteresis behavior for thethe quartz crystal microbalance technique, by Caefral’ (b)
depinning transition with unequal critical forcés, andF,, Inverse of the nonlinear sliding frlctlow (longitudina), normal-
for increasing and decreasing external fofge correspond- ized by the microscopic friction parameter as a function of the
ing to the static and kinetic friction forces, respectively. Onapplied force for weakx,;=0.1) and strongly disordered{=1)
the other hand, in the dense disorder limjt=1 of Fig. 2, substrate, obtained from the numerical simulations of this work.
the hysteresis is completely washed out leading to equal

static and kinetic friction forceb,=Fy,. However, the corresponding results after 10 days show a
Recently Carliret al.*" have studied the depinning transi- rounded transition without hysteresis. The authors speculated
tion under an external driving force for Kr films on gold. that this change is probably due to the deposition of foreign
They employed the quartz crystal microbalance technique. Ifholecules onto the gold electrode substrate, acting then as
this technique, the quartz crystal is driven to resonance by afefect pinning centers. In other words, the disorder of the
external rf voltage with the Kr film adsorbed on the gold substrate increases with aging In F|gb)3 we combine the
electrodes. The driving force on the admolecules is propormumerical results foxy=0.1 andx4=1 from the present
tional to the oscillation amplitudé of the electrodes and the model to show the effect of increasing density of defect pin-
resultant response of the Kr film is measured through thing centers on the depinning transition. Our results bear a
“slipping time” 7 which is inversely proportional to the slid- strong qualitative resemblance to the experimental data
ing friction . For a given coverage of the Kr film, they shown in Fig. 8a). In particular, while the weak disorder
found a sharp depinning transition when the oscillation am{x4=0.1) substrate shows a sharp depinning transition with
plitude exceeds a critical value. This transition shows thestrong hysteresis effect, the depinning transition for the
same kind of hysteresis effects as obtained in our weak disstrong disorderXy=1) substrate is smeared out and there is
order result shown in Fig. 1. A very interesting result theyno trace of hysteresis in this case. In fact, our result for the
found is that the depinning transition changes as a functiostrong disorder case bears a strong qualitative resemblance to
of aging of the system. As shown in Fig@B the depinning the experimental data aged after 10 days. Thus, the theoret-
transition is sharp and shows hysteresis behavior after 1 daical results obtained in our present model study clearly sup-

=20. The direction of variation of, is indicated by arrows.
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port the speculatidr that the aging effect on the depinning (a)
transition observed in the quartz microbalance experiment is

due to the increasing disorder of the substrate. Another inter-

esting feature of the experimental results in Fi¢a)3s the 4.0x10°
monotonic decrease of the slip time with aging. It should be

noted that this effect is not seen in FigbB because the

nonlinear sliding frictions is normalized by the unknown
microscopic friction parametey, contained in the effective
model of Eq.(1). This parameter is essentially the frictional
damping of individual adatoms due to coupling to the sub-
strate. As the morphology of the substrate changes, the fric-
tional damping may change significantly. So the monotonic
decrease of the slip time in Fig(é3 can be accommodated
within our model as resulting from an increase in this micro-
scopic frictional damping with aging. The calculation of this 0.0
microscopic parameter will certainly require a detailed theo-

retical model for this mechanism including realistic poten-

tials which are outside the scope of the present work.

2.0x10°

Probability

B. Nature of the sliding state

To understand the nature of the sliding state at different ox10° 1
sliding velocities, it is useful to introduce, just as in the pe- >, d
riodic cas€ the concept of an effective temperatufé of =
the sliding overlayer. This is defined via the velocity fluctua- 8 T=0.2
tion as o F=15
[@) .
& xi0° T/T=3.89

T =m((v®) = (v)?)/2. (7)

For a meaningful definition of this effective temperature, one
would expect that the velocity distribution should be Gauss-

ian and the width of the distribution related to the effective 0
temperature by Eq7). This is confirmed in Fig. 4 where it is 10 12 14 16 18 20
shown that the velocity distribution &,>F. is in fact well Vv
described by a Gaussian both fqy=0.1 andxy=1. X
The behavior of the effective temperaturé under the FIG. 4. Velocity distribution af=0.2, F,=1.5, forx4=0.1(a)

driving force carries important information for the structure andxy=1 (b). Continuous line is a Gaussian fit.

properties of the sliding state. As can be seen from Fig. 1, in

the dilute disorder case withy=0.1, this effective tempera- 14 support the above interpretation between the effective
ture is much higher thaif in the regionF,<F,<F; and  temperaturel* of the sliding overlayer and its structure, we

decreases foF,>F., although never approachinas in  haye evaluated the structure factor defined by
the periodic case. This suggests that for weak disorder, the

region for F,<F,<F. is strongly disordered and corre- 1 ‘
sponds to a dynamically melted liquid phase. Fge-F,, sk =y <E e'k'(rm"n)>
the sliding state is a solid state with weak disorder. For the mn

substrate with dense disordej=1, the effective tempera- ¢, large driving force af,=1.5, T=0.2 in both the dilute

ture remains much higher thareven for large driving force,  anq gense disorder limit in the present model. The angular
suggesting that in this case the overlayer remains in a liquigl, 5 ckets denote thermal averages and the square brackets
like or floating state even at large driving force and high drift ;s orger averages. The results are shown in Fig. 5. For a fully
velocities. It is interesting to point out that an expressiony qereq configuration the normalized structure factor
relating T* —T and — 7 proposed by Perssdrhas been S(k)/N=1 at the peak for a wave vector corresponding to
found to work well for a periodic pinning potential. Accord- the ordered structure. As expected, for bag0.1 andxy

ing to this relation, in the limit of large driving forcE; =1 cases, this value is much smaller at the nonzero wave
>F., n should approachy andT* should approacii. Our  vectors confirming that the sliding layer in the presence of
results in Figs. 1 and 2 show that this expression breakthe disorder does not have full long-range order. Kkgr

®

down in the presence of disorder. Whitedoes approachy =0.1 the structure factor shows clear prominent peaks at
in the large driving force limitT* remains higher thaif in ~ wave vectors corresponding to a commensurd(®x 2)
this limit in presence of disorder. structure[ k= (1,1)m/a], consistent with a weak disordered
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_ FIG. 5. Structure factoS(k)/N atF,=1.5, F,=0 for dilute FIG. 6. Structure facto§(k)/N at T=0.2, F,=1.5, F,=0 for
disorderxy=0.1 (a) and dense disordety=1 (b). The results are  the periodic substrate and fixing one of the adsorbates at the poten-
for T=0.2 and system sizk=30. tial minima for a system size=12 (a) andL =30 (b).

sliding solid state. Foxg=1, corresponding to the strong concentration of impurities should lead to a more ordered
disorder limit, one can identify in the structure factor still sjiding state. To verify this, we have computed the structure
well defined, although weaker, peaks at the positions corremctor for the fixed impurity model at two concentration of
sponding to an incommensurate hexagonal structure. Howk,=0.0069( linear sizeL =12) andxy=0.0012(linear size
ever, the information about the initial periodic substrate no_ =30) in the steady sliding state Bt=1.5. ForL=12 as
longer exists. The structure of the overlayer in this strongshown in Fig. €a), the corresponding structure factor is char-
disorder limit can be characterized as an incommensuratgeteristic of a fluid phase, in agreement with the findings of
floating state both ix andy directions rather than as a liquid perssorf. However, for the larger system size=30 in Fig.
state. _ ) 6(b), and therefore more dilute disorder, sharp peaks develop
Finally, we like to examine how the results presented her@orresponding to an hexagonal structure. This structure is
depends on the details of the modeling of the disorder angery similar to what we found in the present model fqr
defect pinning centers. In this regard, it is interesting to com-— 1 a5 shown in Fig. @) indicating that the overlayer in this

pare the results presented here with a previous work b¥jtyation corresponds to an incommensurate hexagonal float-
Perssofwhere the disorder was implemented by fixing onejng phase.

of the adsorbate atoms. It was found that in this case, corre-
sponding toxy=0.0069 (linear sizeL=12), the effective
temperatureT* increases with increasing force fér>F,

and that the sliding incommensurate solid phase observed for In this section, we focus our attention on the nature of the
the periodic substrate is destroyed and replaced by a fluigliding state at large driving forcds,>F., and its relation
state. At first sight this seems to be in total contrast to thdo the response of the sliding layer to an additional transverse
results found in this work for the corresponding dilute disor-driving force. It turns out that the nonlinear response of the
der limit. To understand this difference, we note that in aoverlayer in the transverse direction is sensitive to the nature
strict two-dimensional model, all the adsorbate particles ar@f the sliding state, thus serving as an ideal probe for the
confined to move in th&-y plane only. Hence, the structure structure of the sliding state which is otherwise difficult to
of the sliding layer has to undergo strong distortions in thestudy.

vicinity of the fixed impurity atom, due to the hard-core re- We have studied the transverse response of the overlayer
pulsion of the Lennard-Jones interacting potential, leading tén a steady sliding state along thedirection. For a fixed

a fluid phase. Thus, in this fixed-impurity model, even a lowlarge driving force F,=1.5>F., an additional variable
concentration of impurities actually correspond to strong distransverse forcé=, is applied, and the average transverse
order, in sharp contrast to the model studied here. One wouldrift velocity V, as a function ofF is determined. The re-
expect that even for the fixed impurity model, a very smallsultant transverse response is shown in Figs. 7 and 8. For

C. Transverse response at large driving force
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FIG. 7. Transverse velocity, (a) and effective temperatufE* FIG. 8. Transverse velocity, (&) and effective temperature*

(b) of the overlayer as a function of an additional force alongythe (b) Of the overlayer as a function of an additional force alongythe
axis at fixedF,, for dilute disorderxg=0.1. Arrows indicate the ~@Xis at fixedF,, for dense disordery=1. Arrows indicate the
direction of force variation. Results are fét,=1.5, T=0.2, and direction of force variation. Results are fé,=1.5, T=0.2, and

system size. =20. system sizd_=20.

dilute disorderxy=0.1, we find that there is a transverse IV. CONCLUSIONS

depinning transition with a critical transverse forég,. . . . o

This transverse depinning transition is accompanied by hys- We have stud'led the nonlinear slldlng frlctlpn of ad§orbed
teresis behavior with the lower critical fordg,,~0. The overlayers on disordered substrates with point defguits
existence of this transverse depinning transition for weakling centers A simple model is introduced which is a gen-
disorder is consistent with our finding of the nature of the€ralization of the d”;’?” monolayer model previously used
sliding state at large longitudinal driving force. As shown in for periodic surfaces™' The present model incorporates in a
Fig. 1, for the sliding state witF,=0 andF,>F, we have convenient way the effects of point defects on an initially
T* ~T. The structure factor shown for this state in Fig. 5 hasordered substrate. We have studied the longitudinal and
prominent peaks at the(2x2) commensurate structure de- transverse response in this model by Brownian molecular-
spite the disorder resulting from a random distribution of thedynamics simulations in both the weak and strong disorder
pinning centers. Thus, even while sliding along thdirec-  limit. The results show that the main features, such as hys-
tion, the overlayer can be pinned in the transverse directioteresis, longitudinal, and transverse depinning previously ob-
by the commensurate pinning potential. This is an origin forserved for periodic surfacés, still survive in presence of
the existence of the transverse depinning transition. In theveak disorder but are washed out in the strong disorder limit.
other limit of dense pinning centexg=1 corresponding to The results for longitudinal response bear a strong qualitative
strong disorder, the transverse response in Fig. 8 shows nmesemblance to the recent experimental data of the depinning
hysteresis and the transverse critical fofeg, appears to transition of Kr films on Gd, using the quartz crystal mi-
vanish. Again, this behavior can be understood from the naerobalance technique€.This qualitative agreement supports
ture of the corresponding sliding stateFgt=0. As shown in  the interpretatiot! of the experimental data that the aging
Fig. 2, in this regime of strong disordeF*>T whenF, effects on the depinning transition are due to the increasing
>F.. Here the overlayer film is fully disordered and incom- disorder of the substrate. The present model can also be used
mensurate with the substrate along both thendy direc-  to gain insight into other interesting features of the experi-
tions. As a result, there is no pinning force along the transmental results such as the coverage dependence of the depin-
verse direction, hence the absence of a transverse depinningng transition and sliding friction. We expect that the cov-
transition. erage dependence in the weak disorder limit to be similar to
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