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Atomic Scale Friction: What can be Deduced from the Response to a Harmonic Drive?
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In this Letter we investigate the response of a confined chain to a harmonic driving force. A model
is introduced which mimics recent measurements on friction using surface forces apparatus. The model
predicts a critical driving amplitude below which the response is linear. For higher amplitudes the
system exhibits a nonlinear behavior and shear thinning. A novel origin for the thinning is proposed
which stems from energy dissipation due to stick-slip motion and the transition to smooth sliding. We
establish relationships between the microscopic parameters of the system and phenomena observed in
rheology and tribology. [S0031-9007(98)06799-4]

PACS numbers: 46.30.Pa, 68.45.—v, 81.40.Pq

There has been a growing number of attempts to un- In this Letter we concentrate on the rheological side of
derstand the relationship between frictional forces and théhe problem and its relationship to tribology. Our proposed
microscopic properties of nanosystems. Recent studies gredictions can be tested experimentally by simultaneously
friction [1-9] have exposed a broad range of phenomenanalyzing the time series of the spring forces and the shear
and new behaviors which help shed light on some “old"moduli. We suggest an interpretation to the observed
concepts which are already considered textbook materiatiramatic enhancement in the effective viscosity [3,6] and
These include the static and kinetic friction forces, tranto the effect of shear thinning in thin confined systems
sition to sliding, and thinning, which have been widely [3,10-12].
discussed but whose microscopic meaning is still lacking. In order to mimic the commonly used experimental con-

There have been, generally, two approaches used to ifiguration [13] we introduce a model of a chain embedded
vestigate shear forces of confined liquids: rheological (osbetween two plates, one of which is externally driven, as
cillatory external drive) and tribological (constant driving depicted in Fig. 1a. The top plate of madsis connected
velocity). In the bulk the two approaches lead to similarto a spring, of spring constai&;, which is harmonically
results, but less is known about the relationship betweedriven, and to a sprind,, which is a response spring.
rheology and tribology in nanoscale confined systems. EsSFhe chain consists oV identical particles each of mass
tablishing a relationship between these approaches is esr, which interact harmonically. The dynamical behav-
sential for creating a unifying description of the responseor of the system (chain- plates) follows the equations of

to shear and for further progress of related fields. | motion:
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Here the coordinate of the harmonically driven stage| i = Nmy/M, the ratio of the chain and top plate masses,
X,(t) = X4 Sin(lwyt). The microscopic parametef, is «a = Q/wy, the ratio of frequencies of the mechanical
responsible for the dissipation of the kinetic energy offree oscillations of the top platd) = /(K1 + K»)/M,
each particle. U(x) = —Uyco927wx/b) represents the andwg, k = K;/(K; + K,) the mechanical factorA =
particle-plate interaction. We assume that the interparticlé — (a/b) the misfit of the substrate and chain periods, and
interaction is harmonidV (x; — x;+1) = k(x; — xj=1 + p = (w./w)?, the ratio of the frequencies related to inter-
a)?/2; a and b are the periodicities of the undisturbed particle w. = /k/mo and particle-plateas = (27 /b) X
chain and of the potentidl (x), respectively. \JUo/my interactions.

Let us introduce the following dimensionless variables In rheological experiments the behavior of the system
and parameters: the coordinates of the top pfate X/b  is governed by two dimensionless parameters: The ampli-
and the chain particles; = x;/b; the time 7 = wot, tudeA; = X4,/b and frequency = w,/w, of the driv-
where thewy = (27/b)\/NUy/M is the frequency of ingstage. Another relevant quantity is the driving velocity
the top plate oscillations in the minima of the poten-V,; = A,d, which is used in rheology to analyze data, and
tial U(x) for the case of noninteracting particleg;=  which is relevant when making comparison to tribological
Nno/M wg, which is the dimensionless friction constant, results.
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on the choice of external, mechanical, parameters of sur-
face forces apparatus. It is therefore important to analyze
the rheological and tribological responses of the system
in different ranges of the external parameter space. Since
in rheological measurements the drive is oscillatory, one
can fix the amplitude/frequency and vary the frequency/
amplitude. These correspond to the different lines drawn
across the phase diagram in Fig. 1b. In order to probe the
rheological properties of an embedded system, the inter-
action of the top plate with the molecular chain should
be dominant, so thatr < 1. For small driving ampli-
tudes,A,, the displacement amplitude of the plaf&),

is smaller than the period of the surface potential, and
the response of the system is linear. The eigenfrequency

1 Ade Ag of the top platen/a;(p.A) + a*, depends on the ex-
FIG. 1. (a) Schematic representation of the model. The tor;ernal springs, elastlc.propertles of the chain, and misfit
plate of mass¥ is driven by a springk; and its displacement parameterA. For noninteracting particles the parameter
is measured by the deflection of the sprikg. (b) Phase a,z, = 1/2[18]. This frequency corresponds to the broken

g;)ar?nrg?zy ig ii;e dimensionless coordinatig, Ag) for weak line, v, = \/mAd, in Fig. 1b. There is no analog
' to such a linear response in tribological experiments per-

. . formed under constant driving velocity. After exceeding
The drive K;) and responsek() springs act on the o critical driving amplituded,., the top plate executes os-
top plate with the dimensionless spring forfer) (Se€  jjjations with an amplituddY]| larger than the potential
Fig. 1a), " period. In Fig. 1b the dotted vertical lingé; = A, di-
_ Fr 2 ; vides the phase diagram into undercritical and overcritical
for) = 2mFo O [kAasin(or) = Y(r)], () amplitudepregimes.gThe critical amplitude, can be es-
where Fo, = 2NU,/b is the static friction force foy ~ timated to bed,. = F,/(K\b), whereF is the static fric-
noninteracting particles. Under the action of the combinedion force obtained from tribological experiments.
force f,(), due to the two external springs, the top plate For values of the driving amplitude in the range/6 =

moves byY(r) and acts on the molecular chain with the A« = Aq. the system exhibits a nonlinear behavidr. is
force f.(7) the critical driving velocity which denotes the transition

LN L to slidihng in constant \éelocityt/) me?surgzrrrl]entsf. The cri1iffer-
_ oo L N : o ent “phases” in Fig. 1b can be related therefore to the tri-
fe(™) 7/(Y N ,._Zly’> 27N ;Sﬂzﬂy’ V)] bological observationg'; and V. [1,4,5,7-9]. For very
_ . high driving amplitudesd; > V. /4§, the system again fol-

= fil) = ¥(). ®)  lows linear response but with an eigenfrequeneygiffer-
The forcef.(7) depends on the driving amplitude, and  ent than that in the low amplitude region. This frequency
on the external frequency, and is out of phase with corresponds to the dash-dotted livig = aA, in Fig. 1b.
respect to the drive. We now introduce complex forceHere the top plate feels only the spring system and not the
amplitudesf ., = fy + ifye Wherefy, andfy, are interaction with the embedded system. Experimentally, in
the sine and cosine Fourier transforms of theg,(r).  order to be dominated by the properties of the embedded
Force amplitudes can be expressed in terms of complesystems, one should choose frequencies below the eigen-

amplitude of the top plate displacement= Y* + iY" frequencies in each regime, as shown schematically by the
_ _ e 5 _ . shaded area in Fig. 1b.
fe=Ffs 0¥ =a’[kAs — Y]+ Y. (4) Figure 2 illustrates a case where the response of the

system is nonlinear. Inthe corresponding reging,6 =

Using the rheological definitions of the complex dy- A, = Ag., the top plate displacements and the spring

namic modulus of the confined systeth = G. + iG/

force f; demonstrate stick-slip behavior. This is also
[14]and Eq. (4) we have mirrored by the top plate velocity which clearly shows fast
G, = % = QZ[K ‘% — 1} + 82 (5) eventswithy > V,. We observe that in the slip windows

the chain length displays contractions separated by stick
The storage modulug;. and loss modulusG! are  windows with the undisturbed chain configuration.
obtained in rheological measurements and determine the The main output of rheological experiments is the com-
elastic and dissipative properties of the confined system.plex modulusG. [see Eq. (5)] from which an effective vis-

It has been demonstrated [15—-17] that the observed reosity can be obtained [10-12,14]. Figure 3 shows the
sponse of the internal, embedded, system strongly depend®rage modulu&’ and the loss modulus! as a function
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FIG. 2. Time dependence of the spring forge, the top

plate displacement and velocity}", and the embedded chain . . . .
deformation, AL, for the driving amplituded, = 40 and ~ energy lossky, during each slip event are practically in-
frequency 6 = 0.001 (all values are dimensionless). Other dependent of the external drive, we can roughly estimate

relevant parameters ase= 0.01, « = 0.1, y = 1.0, k = 0.5, the energy lossW, during a period of the driving oscilla-
p=1A=01andN = I5. tions,T = 27 /8. For the driving velocitiesd;8, which
are below the critical velocity., the number of stick-slip

of the amplitude of the top plate displacement (strain) foreventg i‘ p;opzrtional t?d/l' r‘:‘o that the energy loss is
two different driving frequencies. We now show that from WV = Eoda/l. As aresult we have

fthe analysis of the moduli one can dednce some unknown G" o« W/|Y|* = Eo/1]Y]. (6)
internal parameters of the system. In Fig. 3 one can clearly _ _ o _
distinguish among three regimes which correspond in théhis scaling behavior ot with |Y], and the indepen-
phase diagram, Fig. 1b, o, < Ay, Age < Aq < V./8, dence o, is observed in Fig. 3b fd¥|. < [Y]| < V./$.
and A; > V./5. Namely, we find two linear regimes, Note that stick slip occurs only for velocities belowy.

|Y| < 1and|Y| > 1, where the system responds linearly, AS the amplitude of the displacement keeps growing we
and an intermediate nonlinear regirfi| = 1. According arrive in the regime where two phases, stick-slip and

to our model the measurements@f andG! for |Y| < 1 smooth sliding, coexist under the condition of oscillatory

give G/ = a{% and G/ = y8/2, which in dimensional drive. These two phases compete as channels for dis-

representation corresponds @& = 472a2NU,/b? and sipation, and the relative weight of the stick slip com-
' = Nnowg/2. From these measurempents one readilypared to smooth. sliding is reduced whén| increqses.
obtains the microscopic parameteNsy, and NUp/b2.  FOrVa > V., during a displacement of lengty, stick-
From the value of the critical amplitudé,, and from  Slip motion occurs in the intervad,V./V, and the num-
G!, one can estimate the periodicity of the chain-plateP®r Of stick slips equalg.//5. Namely, the contribution
interaction U(x). In the [Y| > 1 regime G/ ~ 0 and of the stick-slip phase to the energy loss during this
G" = v8/2. period is Wgg < EgV./18. The contribution from the
An interesting feature of the loss modules in Fig. 3 isSmooth sliding isWs; o (75|Y|2/22)[1 = f(Ve/8IYD],
the abrupt increase @ at the critical displacement,. ~ Wheref(z) = 2(arcsinz — zv1 — z2)/ar.In this tran-
followed by a decrease witfY|, which is a manifestation Sition regime we get
of the shear thinning effect. The_ inpre_ase_@j iS re- ., yd  SE, Ve 2 yVl V.
lated to a corresponding increase in dissipation. The latteF, * - =] - A=)l D
ot g - TAESSID 0 2 V.l L\ 5|y 2E, "\ 58|Y]
originates from the stick-slip motion in this range |&, B
which leads to a strong energy dissipation during fast slipvhich leads to the behavior shown in Fig. 3b [#dr>
events seen in Fig. 2. Assuming that the lengtland the V./8. The larger is the displacemefit|, the smaller
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driving amplitudes. Our interpretation of the mechanism

that leads to shear thinning, which occurs at higher am-
plitudes, can be verified by careful analysis of the spring

force time series. This can be done, for instance, by study-
ing the corresponding power spectrum [19].
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FIG. 4. The dimensionless effective viscosiiyy = G//6
as a function of the top plate velocity (strainy, = [7]s. *Permanent address: Department of Physics, State Uni-
Notations and parameters are as in Fig. 3. versity of Moldova, Mateevici Str. 60, MD-20009,

Chiginau, Republic of Moldova.
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