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Nonlinear Dynamic Behavior of an Oscillating Tip-Microlever System and Contrast
at the Atomic Scale

J.P. Aimé\* R. Boisgard? L. Nony, and G. Couturief
'CPMOH Université Bordeaux 1, 351 Cours de la Libération, 33405 Talence, France
2|FE-SEFICESP, 40 rue Lamartine, F-33400 Talence, France
(Received 5 August 1998

In this paper the dynamic behavior of an oscillating tip-microlever system at the proximity of a
surface is discussed. We show that the nonlinear behavior of the oscillator is able to explain the
high sensitivity of the oscillating tip microlever and the observed shifts of the resonance frequency as
a function of the tip surface distance without the need of introducing a particular short range force.
PUBLISHED IN Phys. Rev. Lett. 82(17), 3388-3391 (1999).

PACS numbers: 07.79.Lh, 61.16.Ch, 68.35.Bs

A few years ago, the resonant noncontact mode (here- The key point with an AFM is that the recorded infor-
after noted NC-AFM) was developed to map tip sur-mation comes from the tip-sample interaction, but when
face interaction as shifts of the resonance frequency [1,2the CL is externally periodically excited, the recorded im-
Since then, numerous experimental efforts have been peage is a measure of the oscillating behavior of the CL.
formed showing that measurements of shifts were able tdvhen the tip-microlever system experiences an attractive
produce images at the atomic scale [3—7]. The “routine’field, the oscillator can exhibit a nonlinear behavior [14—
achievement of the atomic resolution with the NC-AFM 16]. For an oscillator set at a drive frequency slightly
[7] is thought of as a real breakthrough in the field of thebelow the resonance one, a bifurcation from a monostable
scanning probe microscopy. Moreover, the use of a higho a bistable state can occur as soon as the vibrating am-
vibrating amplitude of the cantilever (CL) with the NC- plitude is large enough [14]. Keeping the amplitude con-
AFM and the development of the intermittent contact (thestant, the shifts in resonance frequency show a continuous,
so-called tapping mode) [8—10] have boosted theoreticahonotonous, variation as a function of the tip surface dis-
works dedicated to a nonlinear analysis [11—14]. tance that can be very large when nonlinear effects take

Before going a step further, it is worth discussing gen-place, and in turn amplify small changes of the strength of
eral ideas at a qualitative level. Leaving aside the techthe interaction.
nical point that the use of a high amplitude reduces the Variational method, principle of least actioRA
influence of the fluctuations in frequency [2], a first, coun-variational method can be developed based on the
terintuitive, result is the use of a large vibrating amplitudeprinciple of least action [14]. The actiof[(x)] is a
allowing the atomic resolution to be achieved. Typically,functional of the pathc(z) and is extremal between two
the amplitudes used are 100 times greater than the vertichked instants.
motion of the surface required, maintaining a given value iz .
of the frequency shift. The most common and shared idea Slx(0] = f L(x,x,1)dt, 1)
is that to probe an attractive field with an oscillator re- o

quires the use of a small amplitude in order to keep thgvhereL 's the Lagrangian of the system. The main aim

force field nearly constant throughout the vibrating ampli-of the use of the variational principle is to employ. a
glal function that allows us to perform a nonperturbative

tude. The idea is that shifts in resonance frequency alranalytical treatment in which the dissipation is included.

uniquely due to the gradient force variations. . ;
An image with the atomic resolution based on aAs for the treatment of the Duffing oscillator [15,16], we

repulsive interaction appears quite easily understandablr%gCus on _thg behavior (f the ha”SO.n'C soluﬁlon Or the
but getting the same resolution when the attractive var. ma() = A(D)cogws — ¢(D)]. Using a sphere-plan
der Waals forces are involved is very puzzling. Thelnteractlon [17], a Lagrangian is obtained,

van der Waals atom-atom interaction and the finite sizel. =7 — U + W

of the interacting objects lead to a tip-sample interaction 1, 1, HR
smoothly varying as a function of the CL-surface distance. P Y kx® — xf codwt) — 6D — x)

For instance, the sphere-plan interaction leads to an )
attractive force with a/~2 power law. The force gradient — yXXx, (2)
dependence, with a power las# 3, gives a too smooth where H is the Hamaker constang the radius of the
variation of the resonance frequency and is unable ttip, D the distance between the surface and the CL
predict the observed shape of the frequency changes as$ the equilibrium position at rest, angd the damping

a function of the tip-sample distance. coefficient. The parameters of the path drand ¢, and
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the variational principlesS = 0 becomes a set of two and amplitude at the resonance far from the surface.

partial differential equations, Finally, the dimensionless parametelis used,
HR
s, o = TRG (4)
0A ’ kA
39S where k., = mw§ is the CL stiffness. At a fixed drive
ﬁ =0. frequency, witha < 1 a bifurcation from a monostable
_ . ' to a bistable state can be observed, while for> 1,
After some tedious calculations, two coupled nonlineathe instabilities disappear [14]. When a molecule-plan
equations are obtained, interactipn is used, the dimensionless parameter becomes
) o a a = iRASQ and the power law i§d> — a?)~7/2 [18].
cosp = Qa(l — ) — — @2 = a2 (3a) Solving Egs. (3a) and (3b) gives the relationships

between the amplitude, the distance, and the frequency,

sing = au, (3b)
d

2/3
(04
where the qmplitude, the distance, and the frequency are?= — \I”2 + (3[Q(1 ) F m]) )
expressed in reduced coordinates= A/A, and d =

D/Ag, u = w/wo, wherew, and A, are the frequency from which is derived the resonance curve at a given

| distanced (Fig. 1).

2
1 1 1 .
‘- ;‘[@(wd“‘@z(“ﬁ‘mwl K

In a NC-AFM experiment the amplitude is kept constant at the resonance A@hteany distance from the surface, and
this experimental condition is obtained by setting= 1 in Eq. (6). The shift of the resonance frequency as a function
of the distancel is given by the branch .,

Av Jl B (1 + 1 +40a/3(d® — 1)} 2>2

l—u=—=1-
T 20

(7)

Here it is useful to use an approximation aIIong Av ~ A53/28*3/2, the validity of this expression being a
Eqg. (7) to be more tractable. Let us consider the casé&unction of the ratios/Ag. To measurelv(A), the tip-

corresponding to sample distance has to be kept constant while varying
1 the amplituded,. As discussed in Ref. [19], the work per-
0> ——. (8)  formed by Kitamura and Iwatsuki [5] givesfw of 10 Hz
V1 — u?

atAp = 10 nm and 150 Hz a#i; = 1.5 nm. Thus a ra-
The inequality (8) means that the relative width of thetio In[»(4, = 1.5)/Av(4y = 10)]/In[(4 = 1.5)/(4o =
resonance curve is smaller than that of the relative shiffg)] = —1.43; this result shows the influence of the ap-
of the resonance frequency. For the large values of thgroximation asd, = 1.5 nm is a rather small value of the
amplitude Ao, a further simplification can be done and amplitude. To evaluate the distanegwe use the value

Eq. (7) gives the frequency shift calculated in Ref. [20] that gives the tip surface distance
Av HR at which a force image can be recorded in a pure attractive
o kAN — 1 (9)  regime between a diamond tip and a NaCl surface. Tang

_ o _ o et al. found a tip-sample distaneeof about 0.35 nm. In-
Equation (9) indicates that a high sensitivity can begerting this value in Eq. (9), a linear fit of the log log plot of
obtained ford values close to 1. Practically, the use of | og(A») versus logA,) gives a slope of-1.438 between
Eq. (9) [or Eq. (7)] to fit the experimental results might 4) = | nm andA, = 15 nm and —1.464 for resonance
help to decide whether or not the tlp touches the Surface.amp“tudes ranging between 1 and 40 nm, thus a remark-

Equation (9) gives a result similar to the one obtainecyple agreement with the experimental data.
with a perturbative appl’oach, which does not consider the Because of the use of reduced CoordinateS, the power-
dissipation [19]-3 2Equation (13) of Ref. [19] predicts that |aw dependence does not appear clearly from Eq. (9). The
Av scales asi, ", a power-law dependence which canuse of reduced coordinates is an usual way to describe
be derived from Eq. (9) with the assumption thatis  the stationary state of an oscillator. But while with a
large andD is nearly equal tal,. Writing (4> — 1)¥> = linear behavior the amplitude of the forcing can be scaled
Ay (D? — A3 for D = Ay + e with e < Agone gets out, when a nonlinear behavior occurs, the amplitude of


laurent.nony
Rectangle


a=A/A, and the phase are observed. The predictions given by the

1.2 ' ' model were experimentally verified [14,21].
_ d=1.02 _a=2 For the present purpose, the structure of Eq. (6) sug-
1r g o ‘W/mnm o : gests that rather thaa it is more suitable to seek for

critical values of the ratiax/Q. The location of the bi-
08 | \\ furcation is given by the conditiosiu/da = 0 (point Cin
' Fig. 2). The resonance peak starts to distort when all the
pointsA, B, C,andD collapse in two points. For a given
0.6 - d=1.05 1 u value two amplitudes are reachedy) anda = 1. Us-
ing this property we derived an analytical expression from
Eq. (7) [22] giving the domain of bifurcation as a function

04| .
of a/Q andd (Fig. 3). The curve determines the fron-
tier between two domains, the domain in which the reso-

0.2 i nance peak is slightly distorted and keeps approximately a
Lorentzian shape and the domain of bifurcation given by

0 e : - the upper part of the curve. Note that the domain of bifur-
0.997 0.998 0.999 1 1.001

cation is significantly reduced for low values @f. This
u=v/iv, result illustrates a more general principle that the domain

FIG. 1. Resonance curves calculated with Eq. (6) for differentOf bifurcation and, if it occurs, a chaotic behavior are less

CL-surface distanced, with Q0 = 20000, HR = 102’ Jm, Important with maximum dissipation [23].

and Ay = 10 nm (continuous ling. = 11 Nm™!). The flat- As soon as the quality factor is large enough, the
ness of the distorted curve gives a sloge/dv ~ 0, which  sensitivity of the oscillating CL is given by the ratio
means that any small fluctuations of the amplitude can lead to R/kCAS. For a given value of the produgtr, the same

large variation of the measured frequency (see text and Fig. 2),.. ... . :
Also shown is the influence of the cantilever stiffness on the ariation of the frequency as a function of the reduced

shape of the resonance curve (empty squares 2 Nm-). distance is expected when the produgid] is kept
constant. For example, forka value 8 times smaller, to
) ] get the same frequency shift at the same reduced distance
the forcing becomes a new operative parameter that caiaquires the use of an amplitudg twice larger. In other

significantly alter the dynamical phenomena exhibited bX/vords, one gets the same sensitivity with a distafce
the oscillator. Nevertheless, it has been demonstrated thghg a closest distancetwice larger. This result can be

the use of reduced coordinates is particularly fruitful todirectly derived from Egs. (7) or (9).

describe experiments in which a fixed driven frequency The description of the instabilities experienced by the
is chosen [14,21]. The main interest is to exhibit ac| dynamical system is not straightforward. When the
dimensionless parameter [Eq. (4)] being able to give cL oscillates, the oscillating behavior is described with

a=A/ A0 _HR
1.2 T T T T T kcA03
AV’Vo 2,5 10°°
1 *A@""q ; 7 Bifurcation Domain
A Q =500, Q = 20000
0.8 r - 2 10 s
Bifurcation Domain
06 b s
1,5 1075
04 - a
1105
02 7
By ...t
0 L I I I ‘ -6
06 07 08 09 1 11 12 510
u=v/v
0 0
FIG. 2. Shifts in resonance frequendyvyy correspond to 1 1,01 1,02 1,03 1,04 1,05

shifts given by the black arrows. Because of the experimental

uncertainties and the flatness of the distorted curve (Fig. 1)FIG. 3. Determination of the domain of bifurcation calculated
even with a constant amplitude mode various situations cafor two values of the quality factor). The curves are
occur. If the oscillator is trapped on the lower instable curvecalculated with the equation given in Ref. [22]. The curves
(black circle on the dotted line), then a cycle of hysteresisa.;/Q give the frontier above which the resonance peak starts
following the pathA’BCD follows. to distort.
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that the phase relationship between the oscillator and th@ values used in the NC-AFM experiments distortion of
attractive force varies as a function of the CL surfacethe resonant peak always occurs.

distance, and experimental situations were found where We have benefited from many discussions with the
the attractive interaction acts as a repulsive one [14]. Iiparticipants of the Workshop NC-AFM '98. Particularly,
NC-AFM the amplitude is kept constant and equal toit is a pleasure for one of us to thank Dr. A. Schwarz
the resonance one; thus the phase should normally Her many illuminating discussions and Dr. F. Giessibl for
a constant. But as shown in Figs. 1 and 2, the abilitygiving us a preprint prior to publication.

to follow the resonance frequency becomes more and

more difficult as the distortion of the resonance curve

increases. The fluctuations of the amplitude, even of

the order of §4y/Ay = 107*, can induce a measured ) o _

frequency different than that of the resonance one, thus _"Email address: jpaime@frbdx11.cribxl.u-bordeaux.ir
giving a value of the phase different fromm/2 (Fig. 2). 1] \J( AMa'lrt'g'hC'Escl' ngléaq;g?nd H. K. Wickramasinghe,
Even worse is the fact that the oscillator has the possibility[] - OPR . FIYSOL ( )

. . . . 2] T.R. Albrecht, P. Grutter, D. Horne, and D. Rugar,
of being in a state belonging to the lower instable curve "~ ; Appl. Phys69, 668 (1991).

producing a phase jump. o o [3] F.J. Giessibl, Science2567, 68 (1995).

While Egs. (7) and (9) give qualitatively a similar be- [4] Y. Sugarawa, M. Otha, H. Ueyama, and S. Morita,
havior to the ones observed experimentally [3,5—7], quan-  Science270, 1646 (1995).
titatively the use of such analytical expressions remains[5] S. Kitamura and M. Iwatsuki, Jpn. J. Appl. Phy35,
guestionable. As shown by various groups, spectacular L668-L672, 3954 (1996).
variations on the image were observed as a function of[6] M. Bammerlinet al., Probe Microscopy, 3 (1997).
the chosen frequency shiftv [7]. The larger the val- [7] Proceedings of’ the 1st International Workshop on.NC-
ues ofA v, the smaller is the tip-sample distance at which ~ AFM. NC-AFM "98, Osaka, Japan, 1998ppl. Surf. Sci.
the images are recorded. Therefore as a function of th (to be published)].
tin-sample dist th f int fi diff T[8] W. Stocker, J. Beckmann, R. Stadler, and J.P. Rabe,

p ple distance, the surface can interact in a different™ \\- -0 oleculeeg, 7502 (1996).
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whole dependence &fr a miXing of different power laws [11] P. Gleyzes, P.K. Kuo, and A.C. Boccara, Appl. Phys.
as a function of the tip-sample distance [18], but also, par-  Lett. 58, 2989—-2991 (1991); R. Bachelot, P. Gleyzes, and
ticularly when the resonance curve are strongly distorted  A.C. Boccara, Probe Microscogdy 89 (1997).
(Figs. 1 and 2), one cannot be completely sure that thEl2] B. Anczykowski, D. Kriger, and H. Fuchs, Phys. Rev. B
resonance frequency is measured. 53, 15485-15488 (1996). _

In conclusion, the present Letter aims to describe somE-3] %-e‘\j/e ggtig?eg’ ??9.5?“(”;352') Moleriaar, and W. Water, Phys.
of the evolution of the vibrating tip-microlever system. C oo \ ' L .
Here we focus on shifts of the resonance frequency thdt?! R: Boisgard, D. Michel, and J.P. Aimé, Surf. Sd01,
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have been shown to be able to record images with thﬁ5]

. ) . A L. Landau and L. LifshitzMécanique I(MIR, Moscow,
atomic resolution. The theoretical description is able to 1969), 3rd ed.

predict the variation of the resonance frequency as f16] F. Kneubiihl, Oscillations and WavegSpringer, Berlin,
function of the tip-surface distance. It also shows that ~ 1997).

a linear analysis cannot account for the frequency shiff17] J. Israelachvilintermolecular and Surface Forcd#éca-
variation and thus will be unable to explain the large demic Press, New York, 1992).

change of the resonance frequency when the tip-samplé8] R. Boisgard, L. Nony, and J.P. Aimé (unpublished).
distance is slightly varied. [19] F.J. Giessibl, Phys. Rev. Bg, 16 010 (1997).

This paper also shows that there is no need to introduc&®l Hao Tanget al.,J. Chem. Phys108 359 (1997).
particular short range forces to explain the way the shift¢21] J-P- Aimé, D. Michel, R. Boisgard, and L. Nony, Phys.
of the resonance frequency is varying as a function 0[E| Rev. B59, 2407 (1999). L Qerit __

. . . 22] The bifurcation frontier (a,d) is given by —5* =
the tip-sample distance. In other words, depending o AP GO 1) 30 T TAATT ) 0
the surface investigated, the observed contrast at the 02 .
atomic scale could be an image of tiny variations of the[23] J.J. Thompson and H.B. StewaNpn Linear Dynamics
fluctuating forces. Also we show that because of the high-  and ChaogJ. Wiley and Sons, New York, 1991).
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