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Energy dissipation in tapping-mode scanning force microscopy
with low quality factors
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The phase angle of the cantilever oscillation in tapping mode scanning force microscopy can be
related to the energy dissipated per oscillation period through an analytical model that assumes a
sinusoidal movement of the cantileyjét Tamayo and R. Gawg Appl. Phys. Lett73, 2926(1998;

J. P. Cleveland, B. Anczykowski, E. Schmid, and V. Elings, Appl. Phys. Z&1t2613(1998]. In

this work, numerical calculations of the oscillation of cantilevers with quality factors lower than 10
show a significant contribution of higher harmonies5%—-20%. This contribution can lead to a
significant error in the energy dissipated deduced by using the model cited above. Thus, an extended
relationship between the phase shift and the energy dissipated is presented, that takes into account
the higher harmonics of the oscillation. These results determine the conditions for the measurement
of energy dissipation in a liquid. €999 American Institute of Physi¢&§0003-695(99)04548-9

In tapping mode scanning force microsco@MSFM), produced as a consequence of the viscous interaction be-
the tip intermittently touches the surface, minimizing the de-tween the fluid and the cantilev&® Second, the cantilever
structive lateral forces? This allows the study of soft mol- oscillation is not perfectly harmonicé:*6-17
ecules, or molecules that are weakly adsorbed to the sub- Here, numerical and analytical calculations are per-
strate. In this alternating-currefeac) mode, the measurement formed to determine the relationship between the phase shift
of the phase lag of the cantilever oscillation with respect toand the energy dissipated per oscillation period for low qual-
the excitation signal can highlight compositional contrast onity factors (Q<10).
heterogeneous surfaces, such as semiconductors, polymers, The numerical calculations are performed by treating the
or biomolecules. cantilever as a forced harmonic oscillator with damping.

The origin and nature of the phase contrast has been Measurements of frequency spectra in liquids support this
subject of debate for the past few yedrs: Numerical cal-  model™*~%” A nonlinear interaction between the tip and the
culations of the cantilever dynamics in air have proved thasample is introduced to take into account the repulsive force
phase contrast arises from differences in the energy dissipaturing the tip—sample conta@tiertz model and the attrac-
tion between the tip and the samfié These calculations tive (van der Waalgsforce. Energy dissipation is introduced
and experiments show that the cantilever moves with sinuin the tip—sample interaction through adhesion hysteresis,
soidal motion for the usual cantilever parameters in air, i.e.j.e., the adhesion energy during the approash)(is lower
with a spring constant and quality factor of the order of 10than during the retraction of the tip/vez).&g'lsA more de-
N/m and 100, respectivefy! This harmonic response per- tailed description of the model is provided in Refs. 2 and 8.
mits the relationship between phase shift and the energy dis- The chosen parameters describe the situation in liquids,
sipated to be deduced analytically*4s i.e., the mechanical properties of the cantilever as well as the

amplitude regimé**® For the purpose of calculations, spe-
1) cific interactions such as double layer, solvation, or steric
forces are not introduced. The results are not affected by

) ) o the introduction of a more detailed tip—sample interaction
where ¢ is the phase shiftp and w, are the excitation and \0del. The parameters aré,=10nm, w=wy=27

resonance frequencied, and A, are the damped and free « 10kHz k=1 N/m tip radiuss50nm. The Young's

amplitudesQ is the quality factork is the cantilever spring  moqulus and Poisson coefficient of the sample are 1 GPa and

constant, an& ;s is the energy dissipated. _0.35, respectively. The adhesion hysteresis is defined by
TMSFM in liquids allows a gentler mode of operation \, — 0 andwg=3 mJ/n?. The adhesion energy on retraction

because tip—sample adhesion is diminished. The OSC'”at'Ol?orresponds approximately to the breaking of two van der

amplitude and the spring constant of the cantilever are loweyy;aa1s bonds per square nanometer, or two ligand-receptor
than the usual values in air by one and two orders of magpqynqs per 10 nf

nitude, respectively” Operation in liquids is often neces- Figure 1 shows the numerical calculations of the fast
sary, parucula?tly for the study of biomolecules in their native g jrier transform of the cantilever oscillation for a high
enV|ronment§._ _The osqllanon of thg cantilever in a liquid quality factor,Q=50[Fig. 1(@)], and for a low quality factor,
has two significant differences. First, low quality factorsQ:1_5 [Fig. 1b)]. The cantilever-sample separationzs
close to unity, two orders of magnitude lower than in air, are_ g nm (A,=10nm). The amplitude of the main harmonic is
divided by 10 to facilitate the comparison with the rest of the
dElectronic mail: phjt@phy.bris.ac.uk spectrum. A significant contribution of the direct-currét)

sin =ﬂﬁ+ QEqs
T wo Ay TKAGA,
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FIG. 1. Fast Fourier transform of the cantilever oscillation for a high quality
factor (a), Q=50, and for a low quality factoth), Q=1.5. The cantilever-
sample separation =8 nm (A;=10 nm). The dominant first harmonic is
divided by 10.

FIG. 2. (a) Contribution of the higher harmonics of the cantilever oscillation
as function of the quality factob) Comparison of the numerical energy
dissipated(solid circles with the energy deduced analytically considering
the first harmonidEq. (1), triangled. The cantilever-sample separation is
z.=8 nm (A;=10 nm).

signal (>20% with respect to the ac sighas found for the

lower quality factor, which is negligible for the high® On interactions between the tip and the samp;d, Eey
the other hand, a significant appearance of higher harmonics g, + E ;.

is found in the oscillation of the cantilever with the |O\/\©r The oscillation of the cantilever can be described as
This contribution is about 10% and the amplitude of the
harmonics decreases with higher orders. However, the higher _, +z A cognot— ;) )

harmonics are negligible fo@=50, 0.7%. This illustrates
two of the most significant differences between the oscilla-
tion in air (high Q) and liquids(low Q). First the cantilever
oscillation in liquids has an important dc contribution that
increases as the cantilever approaches to the sdfpl€he

in which the excitation force id,cost). The external
work and the energy lost by the hydrodynamic interaction
per period are

dc signal is negligible with operation in dirSecond, the TKAA,

movement of the cantilever in liquids is not perfectly sinu-  Fext™ ﬁ,_}t,”w,focog“’t)adt: T q New

soidal, in contrast with the cantilever oscillation in fr'21° 3)
The contribution of the higher harmonics for low quality )

factors should affect the determination of the energy dissi- g _ Mo d_z) _ ko 2 n2A2.  (4)

pated by using Eq.lr%. This expression is valid for a perfect "TQ Juoviame dt Quorzt "

sinusoidal oscillation.Figure Za) shows the contribution of . . _ .

the higher harmonics of the oscillation as a function of the-d1aling energiest.q,=Ey + Eqs, gives

quality factor. The cantilever-sample separatioz s 8 nm o 2 5o QEuis

(Ag=10nm). An increasing contribution of the higher har- ~ S€N®1= A A <4 N At KA, ®

monics is obtained a® decreases. The comparison between

the energy dissipated per cyd®olid circle$ and the energy From an experimental point of view, it is interesting to

dissipated deduced with E€L) (triangles is shown in Fig. consider the first two harmonics of the oscillation:

2(b). Qood agreem_ent_ is obtained between the numeric_al and TkAA, ok

analytical energy dissipated fQ@>5, where the contribution Egs=——=—sing;— —= (A +4A 5). (6)

of the higher harmonics is lower than 5%. However, &q. Q @Q

considerably overestimates the energy dissipatedfai5. Equation (5) gives the relationship between the phase

Therefore, the higher harmonics of the oscillation haveshift of the main harmonic and the energy dissipated per
to be taken into account to measure the energy dissipation. leycle, and is valid for any quality factor. In tapping mode,
the steady state, the cantilever oscillation is fed by the energthe root-mean-square of the oscillation or the amplitude of
supplied externally. This energy input balances the energyhe main harmonic is kept constant by the feedback system.
losses due to the viscous hydrodynamic interaction betweeWhen there is only a small contribution of the higher har-

the cantilever and the environmerit,), and the dissipative monics, the first term of Eq5) can be considered constant
Downloaded 17 Jun 2010 to 161.111.235.243. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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Javier Tamayo 3571
amplitude damping less than 25Pkig. 3(b)]. However, a
significant deviation is found for lower values Af/A,. The
measurement of the first and second harmofts (6)] al-
lows a more accurate determination of the energy dissipated.
This gives an error of less than 10% within the whole range
of the damped/free amplitude ratio.

It has been demonstrated that the measurement of energy
dissipation in TMSFM is limited by the quality factor. Low
quality factors Q<<10) imply a significant presence of
higher harmonics in the oscillation of the cantilever, produc-
ing a discrepancy between the actual energy dissipated and
that deduced by considering a sinusoidal oscillation of the
cantilever. Furthermore, this deviation increases as the
damped amplitude decreases. Therefore, measurement of the
contribution of the higher harmonics is necessary to deter-
mine the energy dissipated. These results are especially rel-
evant for tapping operation in liquids, where the viscous in-
teraction between the cantilever and the fluid gives low
quality factors.

The author thanks Professor Mervyn Miles, Dr. Terry

McMaster, Dr. Andy Baker, and Dr. Ash Cherodian for their
helpful suggestions.
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FIG. 3. (a) Contribution of the higher harmonics of the cantilever oscillation
as function of the damped/free amplitude ratio @ 6. (b) Comparison of
the numerical energy dissipatédolid circleg with the energies deduced
analytically considering the first harmoniiEqg. (1), triangleg and the two
first harmonics[Eqg. (6), open circle} The amplitude value is the root-
mean-square of the cantilever oscillation.
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