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Quantitative force measurements in liquid using frequency modulation
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The measurement of short-range forces with the atomic force microséé{e) typically requires
implementation of dynamic techniques to maintain sensitivity and stability. While frequency
modulation atomic force microscogfFrM-AFM) is used widely for high-resolution imaging and
quantitative force measurements in vacuum, quantitative force measurements using FM-AFM in
liquids have proven elusive. Here we demonstrate that the formalism derived for operation in
vacuum can also be used in liquids, provided certain modifications are implemented. To facilitate
comparison with previous measurements taken using surface forces apparatus, we choose a model
system(octamethylcyclotetrasiloxampehat is known to exhibit short-ranged structural ordering
when confined between two surfaces. Force measurements obtained are found to be in excellent
agreement with previously reported results. This study therefore establishes FM-AFM as a powerful
tool for the quantitative measurement of forces in liquid2@4 American Institute of Physics
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The versatility of the atomic force microscopaFM) mal oscillation amplituddi.e., where the oscillation ampli-
has led to its widespread application in molecular and atomitude is more than an order of magnitude smaller than the
scale imagingand sensitive force measuremehfEhe sim-  interaction length scajecan be difficult to achieve. Conse-
plest and most common technique used for quantitative forcquently, finite amplitude effects can introduce significant er-
measurements involves directly monitoring the static deflecrors in practicé_
tion of the cantilever, from which the force is determined  Frequency modulation atomic force microsco@yM-
using Hooke’s law. However, this static technique can suffew:M) is an alternative dynamic technique that employs a
from a “jump-into-contact” instability when compliant can- feedback circuit to self-excite the cantilever at its resonant
tilevers are subject to short-range attractive forces, thus rerequency. The presence of an interaction force between tip
stricting its use. Importantly, this limitation can be overcomegnd sample is then detected as a change in resonant fre-
using dynamic measurement techniqies., oscillating the  quency, while the presence of dissipative forces can also be
cantilevey that employ stiff cantilevers and allow for equal, getected by monitoring the change in excitation required to
If not greater, measurement sensitivity in comparison Qe the tip amplitude constant during the interaction. While
static techniquedFor these dynamic techniques to be usefulihis technique has been used successfully in vacuum to con-
however, it is essential that the resulting force measurementg ¢ quantitative force measuremefitsuch quantitative
be fully quantitative. This is particularly challenging given studies in liquid have proven elusive.
that the measurement parameters in dynamic modes of op- Recently, FM-AFM was extended and demonstrated to

eration, such as the change in oscil_lation a“_"'p”t“de Or reSQe 4 powerful technique for conducting simultaneous imag-
nant frequency, do not correspond in a straightforward Wa3{ng and “qualitative” measurements of short-range forces in

to the interaction force, as is the case in static mode. N %iquid environment$:X° However, applicability of FM-AFM

force measurements in liquid monitors the change in oscilla-grci]tuS ai?:t?:r\ferf_]?;inrqgazutrgmbzntessggbll'gﬁg da:r? di;’ﬁg;ggl

tion amplitude when the cantilever is driven at a frequenc;} S Imp y '
In this study, we show that the methodology used for quan-

well below the fundamental resonarfc€.To obtain quanti- tative 1 S Grthis o] licabl
fiable force measurements using this technique, the oscillltative force measurements in vac IS also appiicable
to liquid systems, provided certain modifications are intro-

tion amplitude must be significantly smaller than all charac- " . )
teristic length scales of the interaction. Importantly, theduced. To facilitate comparison to force measurements using

change in the oscillation amplitude can be directly linked to®ther techniques, we choose a model system, octamethylcy-
the interaction force gradient in the limit when the oscillation ¢lotetrasiloxanéOMCTS), exhibiting short-range oscillatory

amplitude approaches zero. However, this limit of infinitesi-forces in liquid. This liquid has proved to be one of the
easiest in which to observe ordering of liquid molecules us-
ing both AFM* and surface forces apparai&FA).** Impor-

dAuthor to whom correspondence should be addressed; electronic mail; . .
suzi jarvis@ted.ie {antly, the short-range nature of its layered behavior upon

Pwork performed while on leave at SFI Nanoscience Laboratory, Lincolncor_“cine.men.t limits the applicabilli'ty Pf static t'eChniqueSa
Place Gate, Trinity College, Dublin 2, Ireland. which invariably suffer from stability issues. This problem
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underlies the limitation of previous SFA measurements, wh ~ " T 7 T o8

We now detail means for implementing FM-AFM in the
quantitative measurement of forces in liquid. In FM-AFM,
the change in resonant frequency and excitation amplitude, at .
constant tip amplitude, is monitored. In contrast to operation % R w—
in vacuum, excitation of the cantilever in liquid by vibrating Separation (nm)
its base(e.g., piezo activationis problematic, since it intro-
duces unwanted resonance peaks that are not related to thi€. 1. Typical frequency shiftleft axis) and excitation amplituderight
true dynamics of the cantilever. To overcome this problem?XiS) curves dgring tip-sample approach.‘OsciIIation amplitudg of cantilever
the cantilever is excited directly by attaching a small mag—'osf Izége”r’go'gggr‘\’/igfi;h% Sfc'”atory force is 0.73 nm. The maximum number
netic particle to its end, and driving with a solenoid posi-
tioned under the sample. This enables the unequivocal deter- _ ) o
mination of the resonant frequency by removing unwanted ~ Figure 1 shows a typical frequency shift and excitation
resonance peaks that occur when the tip is oscillated usingjdnal(voltage applied to the coil driver in order to keep the
piezo activation. To convert the observed frequency shift intg?Scillation amplitude of the cantilever constant &t

an interaction forcd=(z), the formulation recently proposed =20 Nm as a function of separation. Oscillations observed

which are incapable of measuring the attractive branch of the R W E
interaction due to the loss of stabili]@/.Dynamic AFM tech- ° 0.7 E’;
nigues can overcome this restriction and enable the complete Z 1 %
force profile to be probed. 3¢ g
E
Q
&

S ;
'S

by Sader and Janfisis used in the frequency shift indicate the ordering of OMCTS mol-
ecules at the interface; in this case, four molecular layers
o AL2 A2 dOt) were detected. Analysis of 132 measurements showing oscil-
F(2) = ZKJ (1 +—8\'m> " Ba-g a " lations revealed a mean spacing of 0.73+0.08 nm between
Z J /

two oscillation peaks. This value is in good agreement with
1) previous SFA experiments that measured a spacing of
0.82+0.02 nm* and with theoretical values predicted by a
hard sphere modéf. In contrast to the frequency shift
curves, the excitation signal increases monotonically as the
rEip approaches the surface and appears to be insensitive to
‘?ayering in the OMCTS.

To validate the FM-AFM technique in liquid, it is essen-
tial to demonstrate that identical interaction force laws are
recovered irrespective of the magnitude of oscillation ampli-
tude. To test this requirement, we measured frequency shift

ersus separation curves using a range of oscillation ampli-
udes,A=2.0, 3.9, 7.2 nm as shown in Fig.li.'l'hese fre-

wherek is the spring constan# is the oscillation amplitude
of the tip, A(2)=Aw(2)/ wes w5 the natural resonant fre-
quency of the cantilever in the absence of an interactio
force, andz is the distance of closest approach between th
tip and the surface. Equatiail) is chosen since it is valid
irrespective of the oscillation amplitude and the nature of
the force.

It is well known that the resonant frequency of the can-
tilever in liquid can differ significantly from its value in
vacuum. For the above formulation to be valid, the specifie

resonant frequencipyes in Eq. (1) is the value when there is quency shift curves correspond to cases where the oscillation

no |r'1|teracpo'n folrceF(z) b.e tvyeen tr']p andf sample, aﬁd thﬁ amplitude was comparable to or significantly greater than the
cantilever is in close proximity to the surface, 1.e., when thegp,,cteristic length scale of the interactio®., the diam-
tip-sample separation is much smaller than tip height. In thi

- >=h ; ) < ter of an OMCTS molecujeFrom Fig. 2, it is clear that the
case, the |nertlal hydrpdynamlc Ioadlng of the.cantnever, an hange in resonant frequency decreases as the oscillation am-
hencew,e is Not modified as the cantilever tip approaches

h ; . v th flm d i b litude A is increased. This behavior is expected, since a
the surface, since only the squeeze film damping between g, e proportion of the oscillation cycle experiences an in-
tip and sample is significantly affected.

Freshlv ¢l d hiahl . 4 i hi teraction force, as the oscillation amplitude increases. This
reshly cleaved highly oriented pyrolytic graphite Was g ging also agrees with observations taken on different sys-
chosen for the sample substrate and imaged using constaRliys in vacuurd. From Fig. 2, it is also noted that the noise

. . 10 . . . .

excitatior?° prior to performing frequency shift versus tip- |cye i the frequency shift is reached for separations greater
sample'separatlo.n measurements in ‘?fdef to select a sunaq an~3 nm. Given that an increase in oscillation amplitude
flat region. To minimize hydrodynamic effects of the bulk

standard AFM tip, we used a multi-walled carbon nanotube

as the probing tip. The carbon nanotube was attached to the 4 A=20,39,72nm
tip of a standard AFM cantilevgiNanosensor EFM Cantile- —_ 3
ver), with spring constant 3 N/m, using a manipulator posi- K] 2
tioned inside a scanning electron microscdpA magnetic X 1
particle was glued onto the backside of the cantilever to en- glE o
. L <]
able magnetic activatiohThe resonant frequency of the can- 1

tilever (with magnetic particle attachgdvas found to be
28.19 kHz in air. When immersed in OMCTS and in close
proximity to the surfacg’50 nm tip-sample separatipna
resonant frequency of 19.54 kHz was measured, igq
=2 19.54< 10° rad/s, and ‘?S_ed in Eql). Au measure- FIG. 2. Frequency shift vs separation curves obtained using a range of
ments were made on a modified Asylum Research MFP-3[3sciliation amplitudesA=2.0 nm (solid), A=3.9 nm (dasheg, A=7.2 nm

SA AFM. (dotted.
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FIG. 3. Force vs separation results obtained from data in Fig. 2 using Eq.

(1). Results given for all three oscillation amplitudéss 2.0 nm(solid), A . . . .
=3.9 nm(dasheg, A=7.2 nm(dotted). FIG. 4. Normalizd force(force F/tip radius R) using carbon nanotube

(radius=15 nmand cantilever oscillation amplitude=2.0 nm. Results en-
able comparison with existing SFA data. The inset shows the peak forces of

decreases the frequency shift, the frequency noise floor i%ﬁ (:Eciiélalticlannzsafunction of tip-sample separation. The exponential decay
reached at smaller separations for greater oscillation 9 ' '
amplitudes.

Next we use Eq(1) to convert these frequency shift
curves into an interaction force for separations less tha
3 nm, the results of which are given in Fig. 3. It is strikingly
evident that the same force law is recovered irrespective ords, the ordering of OMCTS molecules is predominantly
the oscillation amplitude used. We note that some adjustme e reic,ult of confinement due to geometry rather than a lo-
of the absolute separation was made to compensate for ti}:%
fact that zero separation is not accurately defined or mea-

fsured n thi.f'?':'r\]/l' Nogetheltgss,hlt Is clear trf]at Vt\{h”e ]Eheused to conduct quantitative force measurements in liquid.
requency shilt Shows dramatic changes as a Iunclion O 0Sgp;q a5 achieved by presenting a rigorous formalism for its

cillation amplitude, the recovered force law is insensitive to, . : :
I - i ..implementation that was subsequently validated by examin-
the oscillation amplitude chosen, cf. Figs. 2 and 3. Specifi- b 4 y y

: . - : ing a model liquid systentoctamethylcyclotetrasiloxanpex-
cally, we note that the first two peaks in the interaction forCehibiting short-range interactions under confinement. Excel-

sgperimpose W?” at all oscill_ation amplitudes, while SOMEo agreement with independent measurements made using
discrepancy exists for the third and fourth peaks betwee FA was found

measurements for oscillation amplitude 7.9 nm and those o
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mensurate with a loss in sensitivity of the highest oscillationjand Research Grant No. 01/P1.2/C033, the Human Frontier
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i

lized bonding effect due to chemistry.
In summary, we have established that FM-AFM can be
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