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ABSTRACT

Carbon nanotubes are potentially ideal atomic force microscopy (AFM) probes due to their well-defined geometry, robust mechanical properties,
and in the case of single-walled nanotubes (SWNTSs), diameters approaching the size of small organic molecules. Here we elucidate fundamental
factors that determine AFM imaging resolution using a combination of experiments with well-characterized SWNT probes and numerical
simulations. Tapping mode AFM imaging on gold nanoclusters and DNA molecules using SWNT probes shows that the tip-induced broadening
reaches the geometrical limit (i.e., the diameter of the SWNT tips) in the repulsive imaging regime, and the broadening effect becomes greater
than the geometrical limit in the attractive imaging regime due to long-range attractive forces. Adjusting the damping enables imaging of
isolated DNA molecules with a resolution defined by the tip diameter without disrupting the sample.

Introduction. Atomic force microscopy (AFM) has played resolution functional imaginéf-**Recent developments have
an important role in nanoscale science and technologies duded to routine preparation of individual SWNT tips with
to its unique capabilities of imaging and manipulating diameters ranging from 0.8 nm to greater than 3An#
structures at the nanometer scdiesin AFM and other and thus open up the possibility of quantitative studies of
scanning probe microscopies, the probe tip is a critical and factors that affect image resolution.

potentially limiting component of the overall technology. Previous studies using SWNT tips have enabled routine
Conventional microfabricated pyramidal silicon tips and high-resolution imaging of nanoclusters and proteins, and
oxide-sharpened silicon nitride tips typi_cally have radii of protein-DNA complexes in tapping mode under ambient
g?rl\/gilg;tgl Iit :ﬁggs ifrrr?z;giiéoallailincrgt,imtsh Zighczges?Jgfss cono!iFions%O The effect of the SWNT length ar.1d mechanicgl

. . S stability on image resolution on polycrystalline metal thin
of nanostructures and isolated biological macromolecules,ﬁlms and semiconductor nanocrystals has also been stud-

smaller a_nd higher aspect ratio tips are needed, . ied!®20 A recent paper correlated TEM characterization of
The unique properties of carbon nanotubes and especially

single-walled carbon nanotubes (SWNTSs) can be exploited nanqtube tips with .AFM 'mages taken by the tﬁéﬁased.
to overcome the limitations of conventional t&Eirst, the on simple geometric considerations that neglect potentially

diameter of SWNTs can be as small as 0.4 nm, which is complex tip-sample interactions, the tip-induced broadening

comparable to small moleculé8.Second, the cylindrical should be clflregtly relatled (;[o the ;,'Ze ?f r;che ﬁprobe ft'%
structure of carbon nanotubes makes it possible to imageHowever, a fundamental understanding of the eflects of the

high aspect ratio samplé&!! Third, the extremely high tip size and tip-sample interaction on the observed resolution
Young's modulus of carbon nanotubes, 1 FPaesults in is yet not available. A rigorous analysis of the tip-broadening
low thermal vibrations, and thus enables very small diameter €fféct is not generally possible with conventional probes
and high aspect ratio tubes to be sufficiently stable for Pecause (i) the radius of curvature varies considerably from
imaging at room temperature. Fourth, carbon nanotubes carfiP t tip, (ii) tips are subject to wear during imaging, and
reversibly buckle under high load without wear, reducing (i) the cone shape of conventional tips makes the tip
damage to both the tip and the sampté3 Last, the ends ~ broadening effect dependent upon the sample height. SWNT
of carbon nanotube tips can be chemically modified for high- tips have cylindrical shape and have tip sizes similar to or
c . hor- Liwel Chen ( ddress) D . even smaller than many nanometer-scaled structures, and thus
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Experimental Section.Indizidual SWNT Tip Preparation.  frequencies around 70 kHz with free amplitude ef& nm.
We prepared individual SWNT tips of different diameters In aqueous solution, the resonance peak of an FESP probe,
by controlling the catalyst size in two previously reported which is usually broad@® = 3.8) and centered at ca. 30 kHz,
methods: direct surface growth of carbon nanotubes on AFM was excited by a fluid acoustic mode peak that overlaps with
tips® and the carbon nanotube “pick-up” methddn the the true resonance peak; the free oscillation amplitude was
surface growth method, Fe®©olloid catalyst was deposited typically 2—5 nm as calibrated by the amplitude force curves.
onto commercial silicon FESP probes (force modulation The imaging amplitude (amplitude feedback set point) for
etched silicon probek = 0.5-5 N/m, Digital Instruments,  air and aqueous imaging were chosen from 40 to 90% of
Santa Barbara, CA), and the Si AFM probes were then placedthe free amplitude. The amplitude and phase signals of the
in a chemical vapor deposition furnace for nanotube growth cantilever oscillation as a function of tifsample separation,
using conditions described previouslyin the pick-up which are denoted as force calibration curves (FCs) hereafter,
method, Fe(NG); catalyst was deposited on oxidized silicon were recorded for different imaging conditions. The manu-
substrates and individual nanotubes were grown near normafacturer-defined phase signal, which is specific only to the
to the surfacé” Commercial silicon AFM probes were used Nanoscope Extender module, was converted to the conven-
to scan the surface and “pick-up” single SWNTSs. A thin layer tional phase defined as zero on resonance by the equation
of UV-curable glue (Loctite 3105) was used to coat the
surface of Si probes and then cured under UV light (UVGL phase lag (conventiory

23 Mineralight lamp, UVP, Inc.) after the nanotube was cos?t (phase lag (extender recordedp@1)
assembled to ensure good adhesion between the nanotubes
and the Si probe in fluid |mag|ng experiments_ Transmission Electron MiCI’OSCOp%FM Cantilevel’/tip

The lengths of nanotube tips were adjusted for optimal assempligs with nanotu.be tips were mounted on a'custom
imaging using a pulsed etching technique described previ- ransmission electron microscope (TEM) holder and imaged
ously” Briefly, SWNT tips are used to image a highly with a Philips EM420 (FEI, Hillsboro, OR) TEM operated
n-doped silicon substrate while 56 pulses of 1625 V at 1_00 kV_‘ _ . :
are applied to the substrate with the tips grounded. The Simulation of AFM Tip Dynamicsthe dynamics of the

nanotubes were shortened roughly®nm per pulse. AFM tip was simulated by numerically solving the nonlinear,
Sample PreparationA 1235 base pair linear DNA second-order differential equation of moti#The equation

fragment obtained from Asel digestion of the pBSStrat- of motion mclludes th(_a elastic response of the ca.nt|lever, the
) ) hydrodynamic damping of the medium, the -tipample
agene) phagemid was a gift from Karl A. Haushalter. The . . . : . i
o . . interaction and the sinusoidal driving force:
sample was purified with standard agarose gel extraction and
then followed by ethanol precipitation. The resulting DNA

was resuspended in 10 mM Tris buffer, pH 7.0. A deposition mdiz = —kz— MW dz + F, + Focosmt )
solution was made by mixing DNA with Mggto a final d’t Q dt

concentration of 0.5 nM DNA and 5mM Mg. For AFM
imaging in ambient, the deposition solution was applied to Wherem, k, wo, Q are the effective mass, spring constant,
a freshly cleaved mica surface for 1 min before the mica resonance frequency, and quality factor of the cantilever
sample was rinsed in water (OmniSolv. water, EM science, resonance, respectivelyis the vertical displacement of the
Gibbstown, NJ) and dried under a stream efjds. For AFM tip from base of the cantilevety andF, are the frequency
imaging in aqueous media, freshly cleaved mica was treatedand the amplitude of the driving force, respectively; &
with 0.01% w/v polyt-lysine (Ted Pella, Redding, CA) for  is the tip-sample interaction force experienced by the tip.
1 min, rinsed with water, dried, and then a drop of 0.5 nM  For simulations of cantilever dynamics in solution, the
DNA solution containing no Mg was applied for 1 min.  tip—sample interaction is modeled by van der Waals forces
The mica sample was then rinsed and kept covered with purebefore the tip-sample contact and Derjaguin-Nar-Toporov
water until the entire imaging experiment was finished. ~ (DMT) contact mechanic¥ which combines the adhesion
Gold nanocluster samples with diameters of &2 nm forces with the Pauli and ionic repulsion, after contact.
were prepared in a similar manner. All nanocluster diameters

were approximated from heights obtained in topographical _HR z> a,
images. A freshly cleaved mica surface was treated with E o= 67 3)
0.01% w/v polye-lysine for 1 min, rinsed with water, and SR H_F\’z + i]'E*x/ﬁ(ao — 2% 7<4,

dried. A 5 uL portion of the 1:20 water diluted gold 6 3

nanocluster (Ted Pella, Redding, CA) solution was deposited

for 1 min. The mica surface was then rinsed with water and !N €d 3, E* is the reduced Young's modulu$i is the
dried under dry nitrogen gas. Hamaker constanR s the tip radiusao is the DMT adhesion

AFM. All AFM images were recorded in tapping mode radius determined by

with a Multimode Nanoscope llla microscope and an HR

Extender module (Digital Instruments, Santa Barbara, CA) Fa=4nRy = — 4)
in aqueous solution or in air. For imaging in air, the SWNT 6a,

tips fabricated from FESP tips were excited at resonancewhereF, is the adhesion force andis the interfacial energy.
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Figure 1. (A) Gold nanoclusters imaged with SWNT tips in ambient conditions with a free oscillation amplidgpef(40 nm. The top

section above the thick white dashed boundary line was imaged with an amplitude sefgpioit 87 nm, whereas the bottom section was
imaged with amAg, of 26 nm. The scale bar is 50 nm. The narrow white lines indicate the direction of the height cross sections shown in
B. (B) The height cross sections of the gold nanoclusters in image A. The top trace corresponds to the nanocluster in the top section of
image A and the bottom trace corresponds to the nanocluster in the bottom section of the image. (C) Isolated DNA molecules imaged with
SWNT tips in ambient with ai\, of 42 nm. The top and bottom section were imaged wittAgyof 38 nm, whereas the midsection was
imaged with anAs, of 32 nm. The scale bar is 50 nm. \Borce calibration (FC) curves of the amplitude and phase channels for a SWNT

tip imaging in ambient with ai, of 42 nm.

For cantilever in ambient conditions, the van der Waals E* is dominated by the mica surface (2GPa) when the SWNT
interaction is not adequate to describe the tip sampletip contacts the surface vertically. In air, the parameters
interaction because the attractive interaction is dominatedwere: resonance frequency 75 kH2= 60, as obtained in
by capillary forces. A decaying exponential is used to model experiments. The preexponential fact#é) @ nN and the
the noncontact capillary forces. The DMT mechanics is used decay constant (d) 0.5 nm for the capillary forces were based

for the interaction after contact. on the contact mode force curves and adjusted to reproduce
experimental cantilever dynamics. In aqueous solution, the
—Ae ™ z>0 parameters used in the simulation were: resonance frequency
Fint = (5) 30 kHz,Q = 3.8 (measured from thermal spectrum), and Q

4
" - A+ZEVR(=2* z<0 :
3 (=97 2 = 50 (elevated value with controllég factor). The Hamaker

constant, 0.83x 102° J, was based on the quartguartz
value in wateP* The surface energy, 9 mJ¥nwas deter-
mined from experimental adhesion force, using DMT contact

whereA is the preexponential factor for the attractive forces
andd is a decay constant.

The equation of motion (eq 2) was solved numerically as .
the sample gradually “moved” toward the cantilever. All Mechanics (eq 4).
simulations were performed driving at the resonance. The Results. Carbon Nanotube Probe Imaging in Aifwo
oscillation amplitude, phase shift, and average-ipmple distinct imaging regimes that are characterized by drastically
interaction force were calculated from the time trajectories. different resolutions are observed in air using SWNT tips at
The radius of carbon nanotube tips and the spring constanthigh free oscillation amplitudey, (Figure 1). In the top half
of the FESP cantilever were set to typical values of 2 nm of Figure 1A a 6 nmdiameter gold nanocluster is imaged
and 1 N/m, respectively. Since the Young’'s modulus of by a SWNT tip with anA, of 40 nm and an amplitude set
carbon nanotube is ca. 1 TPghe reduced Young's modulus  point (Asy) of 37 nm. The tip diameter of this particular
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Figure 2. (A and B) Isolated DNA molecules imaged with SWNT tips in water. Insets are TEM images of the corresponding SWNT tips
used to obtain the AFM images in A and B, with tip diameters of 2.4 and 5.8 nm, respectively. The scale bars are 20 nm for the AFM
images, and 10 nm for the insets. (C and D) The cross sections of the DNA imaged in A and B with full widthsto®2%m and 8.0

+ 0.3 nm, respectively (the average width and standard deviations are obtained from 6 measurements).

SWNT probe is measured by TEM to be 3.5 nm. The full no drastic difference in image resolution is seen wAgJis
width of the gold particle appears to be 26 nm from the cross adjusted through the 209% range of thé\,. The images
section (Figure 1B). The bottom half of Figure 1A is captured look similar to those obtained in the high, regime using
in the same scan using identical imaging conditions except high A on both the gold nanocluster and DNA samples (data
for one parameter: set-point amplitude. Changing Ahe not shown), and the full width of the sample features appears
from 37 to 26 nm leads to a substantially reduced apparentto be much greater than the sum of the true width and the
full width of 10 nm for the gold particles (Figure 1B). The nanotube diameter.
resolution obtained in this second regime agrees with Force curves that record the tip oscillation amplitude and
predictions based on simple geometric considerations: thephase as a function of the tifsample distance are key to
10 nm apparent full width is the sum of the true nanocluster understanding factors that affect resolution during tapping
diameter (6 nm) and the diameter of the SWNT tip (3.5 nm). mode imaging. As shown in Figure 1D, the oscillation
Biological macromolecules are usually much softer and amplitude first decreases linearly when the tip approaches
more prone to mechanical deformation than inorganic the sample with a higl, of 42 nm; and the corresponding
samples such as the metal nanoclusters studied abovephase of the tip oscillation gradually increases. When the
Therefore, we imaged isolated DNA molecules as a model tip reaches a position approximately 9 nm away from the
system in order to investigate the role of sample elasticity surface, the amplitude jumps from 35 to 37 nm and the phase
on image resolution. Typical images of DNA recorded using signal drops from 105to 75°. This rapid transition in both
anA, of 42 nm also exhibit the two distinct regimes as shown the amplitude and phase of the tip oscillation phenomeno-
in Figure 1C. The top and bottom sections of Figure 1C, logically accounts for the transition between the two distinct
which were obtained with a highs, of 38 nm, exhibit a full regimes observed in imaging experiments.
width of 12 nm, much larger than the sum of the diameters  Carbon Nanotube Probes Imaging in Flukigure 2A and
of the DNA (2 nm) and the nanotube{@ nm). On the other 2B show images of isolated DNA molecules obtained in
hand, the DNA image in the middle section of Figure 1C, aqueous environment using SWNT tips of different diam-
which was obtained with a lowAs, of 32 nm, is highly eters. Only one imaging regime is seen in aqueous imaging.
distorted. This highlights how low sample stiffness signifi- The FC in aqueous environment reveals a monotonic
cantly limits AFM image resolution in ambient conditions. decrease in both amplitude and phase channel, with the phase
In contrast to the two distinct imaging regimes observed lag signal always smaller than 9(data not shown).
above with highA, of 40 nm, only one imaging regime is The apparent full width of the DNA double helix in
observed when a low, of 10 nm is used. At such low, aqueous imaging shows a direct scaling with the tip diameter.
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Cross-sections taken from images show that the full width A
of a DNA double helix (true width 2 nm) becomes 4.3 nm
when imaged with a 2.4 nm nanotube tip (Figure 2C) and
8.0 nm when imaged with a 5.8 nm nanotube tip (Figure - repuishE —
2D). The geometry-limited tip-broadening of the DNA in 30

Figure 2 and the phase angle less thafi 80ggest that

imaging in aqueous conditions belongs to the same regime

as in ambient conditions with high, and low A, even

though the free oscillation amplitude in aqueous environment

(2—5 nm) is extremely low compared to that in ambient (40

nm).

25 -
Cantilever Dynamics and the TipSample InteractioriThe

120 —

100 =

80 —

60 =

cantilever equation of motion (eq 2) is numerically solved 40 =

attractive

40 -
35 = Dbistable = _Aa——

Phase (degree) Amplitude (nm)

to produce cantilever time trajectories. The tip oscillation 200 —

amplitude and phase are extracted from each trajectory and % 100 =

plotted as a function of tipsample separation. The tip Py 0

sample interaction force is obtained by averaging over 100 g 100 o

oscillation cycles (200 points per cycle evenly distributed L 200

in time) after the cantilever reaches steady states at each tip | | | |

sample distance. 25 30 35 40 45
Solutions of the equation of motion (eq 2) for parameters Tip-sample distance (nm)

corresponding to ambient conditions (Figure 3A) qualitatively B

reproduce the FCs obtained in experiments (Figure 1D). The T 54

oscillation amplitude first sees a linear decrease and then £ 44

undergoes a sudden jump followed by linear decrease again.  § 3 -

Correspondingly, the phase signal first gradually increases § 2 o

and then displays a discontinuous transition fren®0° to E‘ 14

< 90°. These features show excellent agreement with the

experiments and demonstrate that the simulation reliably @ 100 —

captures the essence of the cantilever dynamics. More @ 804

importantly, the simulation reveals the nature of the-tip T 60—

sample interaction. As seen in Figure 3A, the averaged tip o 40+

sample interaction is attractive in the higk, regime and it £ 20+

becomes repulsive in the lod, regime. The transition from

attractive to repulsive interaction coincides with the transition < 600 —

in amplitude and phase FCs. % 400 =
Simulations of the aqueous experiments (Figure 3B blue E

trace) show a steady decrease in both the amplitude and the ' 200 -

phase (always: 90°) throughout the entire FC, which agree 0

with the experiments. The tigsample interaction is repulsive | | T | T |

under these conditions. 1 2 3 4 5 6
The major differences between imaging in ambient and Tip-sample distance (nm)

in fluid are the cantilever resonance frequency and hydro-
dynamic damping. We studied the damping effect by Figure 3. (A) Simulated force curves for SWNT tips imaging in
changing the quality factorQ, while keeping all other _ambl_ent_condltlons. (B)_ Simulated force curves for SWNT tips
. . - . imaging in aqueous environment. The blue trace is the solution for
parameters identical except that the driving force is lowered Q factor of 3.8 (experimental value) and the red trace is the
to keep the same free oscillation amplitude. Solutions for solution for an elevate® of 50.
fluid imaging parameters with an elevat&dof 50 (Figure
3B red trace) show an obvious transition in phase from a  Discussion Repulsie and Attractie Regimes of Imaging.
value greater than 90to smaller than 90 The two SWNT tip tapping mode imaging in air with high free
corresponding regimes can also be seen in the amplitude FCoscillation amplitude reveals two regimes. The two imaging
although the higlAs, regime is very narrow in range. Atthe  regimes distinguish themselves by image quality and drasti-
same tip-sample distance, the cantilever oscillation ampli- cally different tip-induced broadening effect. In the high set
tude drops more with a higQ compared to that with a low  point regime, the tip broadening is much greater than the
Q. The tip—sample interaction also shows a narrow range SWNT tip diameter; on the other hand, the tip broadening
of attractive force and a dominant repulsive force regime. is much reduced and equal to the SWNT diameter in the
Importantly, the average force between the tip and samplelow set point regime. The realization of minimal tip
is 1 order of magnitude lower in the high simulation. broadening for stiff materials is of significant importance
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to a soft molecule. In either case, the repulsive regime in air
is not well-suited for accurate structural imaging of biological
molecules. A much less invasive method for imaging these
soft materials in the repulsive regime will be addressed later
in the discussion.

Cantilever Dynamics and Resonance Frequency Shift.
/\[\M\/\ When the tip is far away from the sample surface, the-tip

attractive repulsive

sample interaction is negligible and the solution to the
equation of motion (eq 2) is a driven damped oscillator with
steady-state amplitude resporse

Q

Figure 4. lllustration of the tip dynamics for SWNT probe imaging
in attractive and repulsive regimes. Fod/m

(6)

for nanodevice structural characterization. The well-defined \/ (@° — 0,)* + (00Q)?
and predictable resolution would allow accurate deconvo-
lution of the image. At the same time, our studies highlight As the tip approaches the sample, the nonlineardample
the challenge for ultrahigh resolution imaging of soft interaction force term in equation 2 becomes important.
materials such as biological macromolecules in ambient. As Qualitatively, attractive force gradients act against the
shown in Figure 1C, the DNA images in the low set point restoring force of the cantilever and thus effectively weaken
regime are greatly distorted. the spring and lower the cantilever resonance frequency. On
Numerical simulation of the cantilever dynamics qualita- the other hand, repulsive force gradients effectively strengthen
tively reproduced the existence of the two regimes. The tip the spring and shift the cantilever resonance to the high-
sample interaction as a function of distance as shown infrequency side. When the tip approaches the sample from
Figure 3A indicates a fundamental difference between the far away, the tip oscillation first falls into the attractive
two regimes that it is attractive in the high set point regime regime because the tigsample interaction is attractive in
but repulsive in the low set point regime. This result explains the long range throughout the oscillation cycle. The attractive
the drastic difference in image resolution between the two interactions shift the resonant frequency lower and, since the
regimes (Figure 4). In the attractive regime, tip-induced oscillation frequency is fixed by the AC drive, the oscillation
broadening is larger than the size of the SWNT probes amplitude decreases because the drive frequency is now off
because attractive interaction between the tip and sample igesonance.
long range. In the repulsive regime, the tip probes the An abrupt transition from the attractive to the repulsive
repulsion that is dictated by Pauli’s exclusion principle, which regime occurs when the cantilever moves closer to the sample
closely resembles the geometric shape of the sample. Theand starts to experience repulsive force gradient at the bottom
attractive interaction in air is most likely dominated by of each oscillation cycle. The repulsive force gradient
capillary forces. As a result of balancing the interfacial contributes to an increase in the effective spring constant
energies among the sample, substrate, and the air in theand resonance frequency. Since the cantilever resonance is
asymmetric geometry, it is conceivable to have a thick offset to lower frequency than the AC drive signal due to
moisture condensation layer at the side of the nanoparticlesthe overall attractive forces, the slight increase in resonance
but a rather thin layer on the top. Thus, the particle height frequency means less offset resonance and increased ampli-
in the attractive regime correlates poorly with the width and tude. The increased amplitude in turn leads to more repulsive
is in fact close to the true height of the particle. force gradient at the bottom of each cycle, which starts a
The two imaging regimes have previously been observed loop of further increases in resonance frequency and repulsive
in tapping mode under ambient conditions with high spring force gradients. This positive feedback loop does not stop
constant cantileversk & 25—50 N/m)25 A direct correlation until the effective resonance moves to a point higher than
between the tip broadening and the tip size was not possiblethe drive frequency and the system enters the stable repulsive
in these studies because of the ambiguity in tip size and regime with an effective resonance greater than the intrinsic
shape. The authors recommended imaging in the attractivecantilever resonance.
regime because a soft biological macromolecule, immuno- Aqueous Fluid Imaging and the Effect of Quality Factor.
globulin G, showed irreversible deformation in the repulsive Figure 2 shows that there exists only one regime for SWNT
regime under their conditions. On the contrary, we suggesttip imaging in aqueous tapping mode, despite the small
the repulsive regime for quantitative imaging because the oscillation amplitude. Three evidences suggest that the tip
attractive regime images can only be interpreted qualitatively. sample interaction in this imaging regime is repulsive. First,
For hard samples such as the nanoclusters in Figure 1A the phase signal is smaller tharn®98econd, the tip-induced
repulsive imaging conditions give minimum tip-induced broadening effect is defined by the SWNT tip diameter.
broadening in full width of the features. Soft DNA molecules Third, the simulation (Figure 3B) using aqueous imaging
appear distorted under the repulsive regime in air (Figure parameters verifies the repulsive interaction between the tip
1C). This could be due to true mechanical distortion under and the sample.
repulsive forces and/or an artifact of strong disturbance in  AFM characterization at the single-molecule level with
cantilever dynamics when the tip moves from a stiff substrate resolution down to a few nanometers is critical in identifying
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global structural features for large proteiprotein and probes with different diameters. A fine interplay among
proteinr-DNA complexes that are difficult to crystalliZz&26 cantilever resonance frequency, quality factor, and tip and
The ability to achieve minimal and well-defined tip-induced sample mechanical properties determines the cantilever
broadening while imaging soft macromolecules without dynamics. In the repulsive regime, the tip-induced broadening
damaging the soft materials has important implications for reaches the geometric limit; that is, the diameter of the
biology and macromolecular chemistry. SWNT tips. In attractive regime, the tip-broadening effect
Although the major component of long-range attractive is dominated by long-range attractive interactions and yields
forces, capillary wetting, is eliminated in water, the very low much larger AFM image dilation. These results clearly
driving frequency and much increased hydrodynamic damp- indicate that the repulsive regime is necessary for quantitative
ing are more important factors in determining the cantilever imaging and analysis.
dynamics in aqueous environment. Simulation at an elevated
quality factor of 50, which corresponds to about half of the
media damping in reality, indeed indicates a very narrow
attractive regime at largepiezo distances. Throughout the
force curve, simulation with the elevated quality factor results
in smaller oscillation amplitude. Interestingly, the corre-
sponding repulsive forces between the tip and sample alsoReferences
drop by almost an order of magnitude. We thus believe that (1) giessibl, F. JRev. Mod. Phys2003 75, 949-983.
active Q control may lead to less invasive imaging in the  (2) Horber, J. K. H.; Miles, M. JScience2003 302, 1002-1005.
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