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Oscillating probe atomic force microscopy in fluids is simplified when an oscillating force is applied
directly to a magnetized cantilever using a solenoid. The response of the detector is simpler than that
obtained with acoustic excitation. Reliable operation over a broad frequency range is achieved with
excitation amplitudes of a few nm. This lower amplitude appears to facilitate imaging by means of
small asperities on the tip. Images of a DNA plasmid bound weakly to mica in water have a full
width of 5 nm when scanned with tips of a nominal macroscopic radius of curvature of 50 nm.
© 1996 American Institute of Physics.@S0003-6951~96!05152-2#
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In tapping-mode atomic force microscopy,1 a tip con-
tacts a surface intermittently, offering the advantages of
detection2 and resulting in less shear distortion of we
samples~see, e.g., Leubaet al.!.3 In ambient air, stiff canti-
levers operated at large amplitudes are used in order to o
come adhesion.1 In water, tapping mode4,5 gives much im-
proved resolution over contact mode.4 Large amplitude
oscillation is not required in this case because adhesio
greatly diminished.6 Nonetheless, a large acoustic drivin
amplitude must be used in order to overcome damping
inefficient acoustic coupling into the cantilever. For examp
Chenet al. used an excitation of 300 nm amplitude.7

One characteristic of acoustically excited tapping mo
is that not all of the signal reaching the detector is sensi
to the approach to the surface.5 This occurs, in part, becaus
not all modes of the cantilever result in displacement of
tip. However, in our experience, a major contribution aris
from mechanical excitations of the microscope that dist
the optical path of the detection system. Excitation at l
amplitude ~by thermal fluctuations, for example! removes
many of these ‘‘resonances.’’ This observation suggests
a substantial improvement will result if a driving force
applied to only the cantilever tip. Florinet al.8 observed a
much simpler response when a cantilever was driven dire
in ambient air.

Lindsayet al.,9 Florin et al.,8 and Cleveland10 have used
a magnetic particle attached to an atomic force microsc
cantilever in order to apply a force to the cantilever usin
field generated by a solenoid. The most sensit
arrangement11 is obtained by placing the magnetic field,B
perpendicular to the moment,M on the cantilever, resulting
in a torque,N5M3B, or a force on the end of the cantileve
of magnitudeN/L whereL is the length of the cantilever
O’Sheaet al. used this geometry to drive tips coated with
thin magnetic film, finding exquisite sensitivity to surfac
forces.11

In this letter, we describe a new imaging mode f
atomic force microscopy in fluids based on direct magne
excitation of coated cantilevers. The instrument is similar
that used by Florinet al.8 to measure the local compliance

a!Electronic mail: stuart.lindsay@asu.edu
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materials in ambient air, differing mainly in the manner
which the cantilever is magnetized and driven. The enhan
sensitivity of this arrangement to changes in surfa
compliance8 is undoubtedly beneficial, but our goal is t
avoid the spurious resonances associated with acoustic
tation in a liquid medium. The sensitivity to surface forces
shown to be substantially independent of driving frequen
and a lack of a background signal permits the use of low
amplitudes of oscillation which, when combined with soft
cantilevers, results in a substantial diminution of the ene
deposited into the sample by the tip. This often leads
higher resolution, because fine asperities on the tip appe
be preserved during imaging.

We used a PicoSPM from molecular imaging~Tempe,
AZ! in which a 1 mHsolenoid was placed under the samp
platen. A driving signal of 20 mA rms produced an rms fie
of 231024 T at a distance of up to about 1 mm from th
pole piece of the solenoid. The field increased by a sm
~,10%! amount as the frequency was increased up to the
kHz limit of the Gaussmeter we used. The microscope
tection circuitry was modified to produce a 3 dBbandwidth
of 200 kHz and the signal from the detector was diverted
a lock-in amplifier ~Stanford Research Systems mod
SR820!, the output of which was used to feed a standa
SPM controller ~NanoScope III from Digital Instruments
Santa Barbara, CA!. Silicon nitride cantilevers~MicroLevers
from Park Scientific, Sunnyvale, CA! were coated with a
proprietary magnetic material and magnetized along the fl
ible axis of the cantilever by Molecular Imaging Corpor
tion. We estimate that the magnetic moment in the plane
the cantilevers was about 5310210 A-m2 based on the
properties of macroscopic films deposited on test samp
We used the 140 and 85mm cantilevers for which the free
resonance frequencies were around 30 and 100 kHz. A
coating, these resonant frequencies dropped less than
Their spring constants increased slightly~less than 20%! as
determined by measuring their deflection when pres
against calibrated glass fibers.

Measurement of the thermal response of similar cant
vers in water shows that it is well fitted as a single drive
damped harmonic oscillator12 with the resonance frequenc
substantially lowered owing to mass loading of the cantile
4111)/4111/3/$10.00 © 1996 American Institute of Physics
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FIG. 1. Detected deflection of magnetically driven cantilevers of 140~a! and 85mm length~b! in water. The dashed line is a fit to a driven-damped harmo
oscillator model. Sharp features in the vicinity of 35–40 kHz have been traced to resonances of the cantilever substrate.
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by the adjacent fluid.12,13However, plots of the detector sig
nal as a function of frequency are rather complicated w
the cantilever is excited acoustically.5,8 This is not the case
when the cantilevers are excited directly. Figure 1 sho
typical plots of the detector output as a function of frequen
for the 140~a! and 85mm ~b! cantilevers operated in distille
water at a low-frequency oscillation amplitude of abo
5 nm.

In air, we found that no signals were generated wh
nonmagnetic cantilevers were used up to the maximum d
signal of 160 mA. In water, spurious signals were detec
for drives bigger than 40 mA, presumably because low-le
acoustic signals owing to magnetic materials in the mic
scope were coupled efficiently by the liquid medium. Even
lower drive levels, magnetic cantilevers exhibit some spu
ous signals in the region of 35–40 kHz, and these have b
traced to normal modes of the substrate onto which the c
tilevers are fixed~it is also coated with a magnetic film!.
Aside from these modes, the amplitude of the cantilever
well described by a single driven, damped harmonic osci
tor, consistent with the results of Buttet al.12 The resonant
frequencies are reduced to 10~140 mm cantilever! and 35
kHz ~85mm cantilever! and the damping constants are 52
4112 Appl. Phys. Lett., Vol. 69, No. 26, 23 December 1996
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~140mm cantilever! and 9200 s21 ~85mm cantilever!. These
results are similar to those reported by Buttet al.12 and Chen
et al.13 The low frequency amplitudes are consistent with t
driving-model outlined above, for which, withM perpen-
dicular toB, the deflection,d, of the cantilever is given by
d5MB/kL, wherek is the spring constant of the cantileve
The softer cantilever was driven at 20 mA corresponding
a 231024 T field, yielding a predicted displacement of
nm, in good agreement with the data shown in Fig. 1~a!.

One consequence of this simpler response is that
approach curves are almost insensitive to the operating
quency of the microscope as illustrated in Fig. 2. Figure 2~a!
shows the change of amplitude as the tip is swept back
forth from a clean mica surface in distilled water. The se
sitivity is characterized by the steepest slope midw
through the approach, (dZ/ds)1/2, and values for this quan
tity are plotted for the stiffer cantilever as a function of fr
quency in Fig. 2~b!.

We have been able to obtain images with an amplitu
Z, as small as 1 nm and with a set point corresponding t
change in amplitude,DZ of 0.1 nm. Reliability is enhanced a
higher amplitudes such asZ55 nm andDZ50.3 nm, corre-
rface is

f frequency
FIG. 2. ~a! Approach curves for the 85mm cantilevers and mica in distilled water at three frequencies showing how the amplitude decays as the su
approached~dashed line! and is restored~solid line! as the tip is moved away again. Curves have been shifted laterally for clarity. The ‘‘X’’ points to a region
where amplitude is increased owing to a change in the sign of force gradient. The sensitivity midway through the approach is plotted over a range o
in ~b! ~data averaged over 10 measurements!.
Han, Lindsay, and Jing
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sponding to an energy,E, deposited into the sample on ea
cycle of 1.7310219 J ~with k50.12 N/m!. By way of com-
parison, acoustically excited tapping5 with Z530 nm and
DZ510 nm withk50.38 N/m givesE'10216 J.

We have imaged the DNA plasmid pMB9~Sigma
Chemical Co.! spontaneously bound to mica in the presen
of a solution containing Mg~II !. A typical image is shown in
Fig. 3~a!. For comparison, an image obtained with the sa
tip in contact mode is shown in Fig. 3~b!. Hansma and
Laney14 report that DNA bound to mica in the presence
Mg~II ! cannot be imaged by fluid tapping mode without pr
drying of the sample, so this present result suggests tha
magnetically driven tip can interact with samples more g
tly. We have routinely obtained a full width of the DNA
image of 5 nm~or better; Wenhai Han, M. Dlakic, R. E
Harrington, and S. M. Lindsay, unpublished data!, similar to
that reported by Hansmaet al.4 using an e-beam deposite
carbon tip. The nominal radius of curvature of the tips us
in this work is 50 nm, so such high resolution is unexpect
However, we notice multiple images~double or triple! in the

FIG. 3. ~a! Images of two pMB9~5300 basepairs! plasmids spontaneously
adsorbed onto mica from a solution of 1mg/ml in 20 mM MgCl2. The scan
rate was 1.5 Hz/line with a 8 kHz oscillation amplitude of 5 nm and
set-point decrease of 0.3 nm, using a cantilever withk50.12 N/m. The full
width averaged over the images is 5.360.15 nm~arrows give an example o
one measurement!. An image taken in contact mode with the same tip~same
scale! is shown in~b!. Note that many loosely bound contamination partic
are not seen in the contact-mode image.
Appl. Phys. Lett., Vol. 69, No. 26, 23 December 1996
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majority of cases, and this suggests that asperities on th
dominate the contrast. This is consistent with a tip mo
recently proposed by Putmanet al.15 When the oscillation
amplitude is increased or the microscope brought into c
tact, the width of the resulting images corresponds m
closely to what is expected from the macroscopic radius
curvature of the tip, as illustrated in Fig. 3~b!.
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