
A correlation force spectrometer for single molecule measurements under tensile load
Milad Radiom, Christopher D. F. Honig, John Y. Walz, Mark R. Paul, and William A. Ducker 
 
Citation: Journal of Applied Physics 113, 013503 (2013); doi: 10.1063/1.4772646 
View online: http://dx.doi.org/10.1063/1.4772646 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/113/1?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Parameter sensitivity analysis of nonlinear piezoelectric probe in tapping mode atomic force microscopy for
measurement improvement 
J. Appl. Phys. 115, 074501 (2014); 10.1063/1.4865793 
 
A method for atomic force microscopy cantilever stiffness calibration under heavy fluid loading 
Rev. Sci. Instrum. 80, 125103 (2009); 10.1063/1.3263907 
 
Small single-crystal silicon cantilevers formed by crystal facets for atomic force microscopy 
Rev. Sci. Instrum. 80, 095104 (2009); 10.1063/1.3202322 
 
Application of triangular atomic force microscopy cantilevers to friction measurement with the improved parallel
scan method 
Rev. Sci. Instrum. 80, 023704 (2009); 10.1063/1.3079685 
 
Normal spring constants of cantilever plates for different load distributions and static deflection with applications
to atomic force microscopy 
J. Appl. Phys. 104, 084902 (2008); 10.1063/1.3000055 
 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

128.173.126.47 On: Fri, 01 May 2015 18:49:58

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1683370892/x01/AIP-PT/MIT_JAPArticleDL_042915/MIT_LL_1640x440_banner.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Milad+Radiom&option1=author
http://scitation.aip.org/search?value1=Christopher+D.+F.+Honig&option1=author
http://scitation.aip.org/search?value1=John+Y.+Walz&option1=author
http://scitation.aip.org/search?value1=Mark+R.+Paul&option1=author
http://scitation.aip.org/search?value1=William+A.+Ducker&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4772646
http://scitation.aip.org/content/aip/journal/jap/113/1?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/7/10.1063/1.4865793?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/7/10.1063/1.4865793?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/80/12/10.1063/1.3263907?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/80/9/10.1063/1.3202322?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/80/2/10.1063/1.3079685?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/80/2/10.1063/1.3079685?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/104/8/10.1063/1.3000055?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/104/8/10.1063/1.3000055?ver=pdfcov


A correlation force spectrometer for single molecule measurements under
tensile load

Milad Radiom,1 Christopher D. F. Honig,1 John Y. Walz,1 Mark R. Paul,2

and William A. Ducker1,a)

1Department of Chemical Engineering, Virginia Tech, Blacksburg, Virginia 24060, USA
2Department of Mechanical Engineering, Virginia Tech, Blacksburg, Virginia 24060, USA

(Received 30 October 2012; accepted 29 November 2012; published online 2 January 2013)

The dynamical-mechanical properties of a small region of fluid can be measured using two closely

spaced thermally stimulated micrometer-scale cantilevers. We call this technique correlation force

spectroscopy (CFS). We describe an instrument that is designed for characterizing the extensional

properties of polymer molecules that straddle the gap between the two cantilevers and use it to

measure the stiffness and damping (molecular friction) of a dextran molecule. The device is based

on a commercial atomic force microscope, into which we have incorporated a second antiparallel

cantilever. The deflection of each cantilever is measured in the frequency range dc–1 MHz and is

used to generate the cross-correlation at equilibrium. The main advantage of cross-correlation

measurements is the reduction in thermal noise, which sets a fundamental noise limit to force

resolution. We show that the thermal noise in our cross-correlation measurements is less than one

third of the value for single-cantilever force microscopy. The dynamics of the cantilever pair

is modeled using the deterministic motion of a harmonic oscillator initially displaced from

equilibrium, which yields the equilibrium auto and cross-correlations in cantilever displacement

via the fluctuation-dissipation theorem. Fitted parameters from the model (stiffness and damping)

are used to characterize the fluid at equilibrium, including any straddling molecules. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4772646]

I. INTRODUCTION

Correlations in the thermal fluctuations of micron scale

objects in fluid have been used to study the microrheology of

fluids and the spectroscopy of single molecules.1–10 In micro-

rheology, very good progress has been made using the dual

trap optical tweezers technique;8,11,12 however, the technique

has a limited frequency range, requires large particle-particle

separation, and it is most effective for systems with elastic

moduli <100 Pa.13 We have developed a device, the correla-

tion force spectrometer (CFS), which is capable of measure-

ment of fluid properties on length scales of micrometers to

nanometers at frequencies up to 1 MHz.14 This device con-

sists of a pair of micrometer-scale cantilevers that are closely

spaced, and two optical lever detection systems to measure

the thermally excited vibrations of each cantilever. The vibra-

tions of the two cantilevers are not independent, but are

coupled through the fluid and any straddling molecules. Mea-

surement and analysis of the correlations between the dis-

placements of the two cantilevers can be used to quantify the

nature of this coupling, and therefore to determine the proper-

ties of the fluid and straddling molecules. Since cantilevers of

various stiffness can be used, it is possible to measure the

elastic response of materials with a large range of elastic

moduli (from very soft “viscous-like” materials to strong

elastic materials).

The dual trap optical tweezers technique has also been

used to measure the mechanical properties of single mole-

cules.15–20 Comparing the dual trap technique with atomic

force microscopy (AFM) single molecule force spectros-

copy,21–25 the dual trap technique has much lower noise,

partly because uncorrelated noise in the motion of each probe

does not contribute to the cross-correlation. It would be ad-

vantageous to AFM single-molecule measurements if the

cross-correlation measurement that has been so successful in

the dual trap optical tweezers technique could be imple-

mented in AFM: that is the purpose of the current paper. In

particular, here we implement the two AFM cantilevers in a

vertical offset configuration (Fig. 1(b)) rather than the later-

ally offset configuration described previously.14 In the new

vertical-offset instrument, (a) the straddling molecules are

strained in an extensional mode (rather than in a shear mode),

(b) the average separation between the cantilevers can be var-

ied, and (c) we retain the full scanning capability of an AFM.

The main advantage of measuring cross-correlations

rather than deflections is the low noise. In particular, the

thermal noise is reduced. This is particularly important in

biomolecular studies because many biomolecular events

have an energy similar to the thermal noise.26 For a cantile-

ver of spring constant k� 0.1 N/m, the thermal noise of a sin-

gle cantilever sets a bound on the force noise amplitude of

order
ffiffiffiffiffiffiffiffiffiffi
kkBT
p

� 20 pN where kB is the Boltzmann constant

and T is the temperature. One possibility to reduce this noise

is to reduce the cantilever spring constant by reducing the

dimensions of the cantilever uniformly to yield, for example,

a nanocantilever. A significant detractor to this approach is

that the cantilever dynamics become overdamped as the vis-

cous forces dominate the cantilever inertia.5a)Electronic mail: wducker@vt.edu.
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Note that the thermal noise arises from interactions of

the entire cantilever with the immersion fluid. In contrast,

the cross-correlation of the thermal noise between two canti-

levers only arises from the region where the two cantilevers

interact, so we effectively reduce noise by sampling a

smaller region of the cantilever. Later, we will show experi-

mentally that the cross-correlated noise is much smaller than

the noise on a single cantilever.

In a one-cantilever single molecule force spectroscopy

experiment, a polymer molecule is stretched between a plate

and a sharp tip by a cantilever.26 The polymer stiffness is

measured from the cantilever deflection at a finite loading

rate. These experiments have been successful, but they

examine polymers in a highly stretched state. Measurement

of the thermal fluctuations has the advantage that a weaker

loading and the molecular dissipation can be measured, as

demonstrated by Smith and McLeish.27–29 Here, we go one

step further and measure the correlations in fluctuations of

two cantilevers.

We also emphasize that bringing a micron-scale cantile-

ver near to a plate significantly reduces both the resonant

frequency and the quality factor because of the damping

introduced by confining water in the thin film near the

plate.30,31 When we measure the dissipation between two

AFM tips, there is no plate, allowing measurement at higher

resonant frequency and quality than the tip–plate configura-

tion. This reduces the background damping, against which

polymer damping must be measured.

In this paper, we start by describing the instrument,

and then show experimental measurements of correlations

in the thermal fluctuation of a cantilever pair as a function

of separation between the cantilevers in water. Under-

standing the motion of the cantilever in water, for the pre-

cise conditions of experiment, is a necessary precursor to

understanding the motion of an added molecule spanning

the gap between the cantilevers. We then characterize the

hydrodynamic damping using a simple harmonic oscillator

(HO) model. The HO model allows us to parameterize

fluid and cantilever properties. A single molecule of dex-

tran is then made to span between the AFM cantilever

tips and the fluctuations are remeasured. We are then able

to characterize the polymer with the additional parame-

ters, polymer damping and stiffness, that are fitted to the

correlated fluctuations.

II. MATERIALS AND METHODS

The apparatus consists of a pair of commercial AFM

cantilevers (ORC8 type B, Brucker, CA) mounted in an anti-

parallel vertically offset configuration as shown schemati-

cally in Fig. 1. The top cantilever is mounted in a

commercial AFM (Asylum Research, MFP3D-bio, CA) that

has the full functionality of AFM, such as sub-nm resolution

in deflection and displacement in three dimensions. A home-

built cantilever mount and optical lever detector32 was

incorporated into the AFM in place of “the sample.” For

this additional cantilever deflection sensor, a laser (Sch€after

þ Kirchhoff GmbH, Hamburg, Germany, 51nanoFCM) is

steered by a mirror onto the cantilever and the reflection off

the cantilever falls onto a second mirror which then steers

the beam onto a split photodiode (Pacific Silicon Sensor,

CA, QP50-6-18u-SD2). We use a different wavelength

(680 nm) of laser for the bottom cantilever compared to the

top cantilever (Superluminescent diode with an 860 nm

wavelength) to allow frequency filtering, thereby preventing

optical contamination of the two signals. The two laser

beams are also physically separated so that they do not con-

taminate each other. The main danger of unwanted cross-

correlation (that does not arise from the fluid) is from light

from a single laser that ends up striking both cantilevers and

entering a single diode. This could occur if the cantilevers

are parallel and if the laser beam is larger than the cantilever

or the cantilever allows transmission of light. We try to cover

all these possibilities by using standard gold coatings on the

cantilevers, by focusing the laser beams to a spot size that is

smaller than the cantilever (spot size �12 lm), and by not

making the cantilevers perfectly parallel. We use the absence

of a cross-correlation at zero time lag in water as our require-

ment for no instrumental cross-talk between the signals.

The experimental procedure is as follows. A fluid droplet

is injected and held in place by capillary action and the sys-

tem is left to reach equilibrium for about 40 min. Initially,

while the cantilevers are at large separation, the power spec-

tral density (PSD) of each cantilever is measured and a

FIG. 1. (a) Atomic force microscopy contact mode image in water of the

bottom cantilever tip obtained by scanning the bottom cantilever and meas-

uring the height signal. This imaging is used to align the tips. (b) Schematic

of antiparallel vertically offset cantilevers. The cantilevers are 200 lm long

and 40 lm wide and the tip is 3.1 lm high (h), thus we have: d¼ s þ 2 h. (c)

Schematic of the cantilevers and detection system in the antiparallel verti-

cally offset CFS. The ends of the real cantilevers are tapered with an angle

of approximately 59�.

013503-2 Radiom et al. J. Appl. Phys. 113, 013503 (2013)
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Lorentzian fit is applied to PSDs to yield the resonant fre-

quency and quality factor of and therefore the damping coef-

ficient, ca, of each cantilever at infinite separation. The same

data are later used to calculate the spring constant of each

cantilever.

The tips are then brought near each other using the

course z-control in the AFM, and then aligned more precisely

by imaging the bottom cantilever with the top cantilever.

Note that the entire detection system (cantilever, laser and

diode) is scanned to maintain the alignment of the detection

system on the cantilever. The Asylum AFM has a convenient

“go there” function where the sample can be moved auto-

matically to a location within a previously collected image.

We use this function to move the top AFM tip to the apex of

the bottom tip.

To determine the spring constant, and for later reporting

of cantilever deflection, we also need to know the deflection

of the cantilevers in units of distance, rather than in voltage

from the photodiode. The calibration is very similar to the tra-

ditional method in AFM:33 The two cantilevers are brought

into contact (as in Fig. 2) and a single force-extension mea-

surement is performed. Referring to the schematic in Fig.

1(c), we do this by translating the right end of the top cantile-

ver downward a known distance with the z-piezo and meas-

uring the uncalibrated deflection of each cantilever in units of

volts. When the tips are in contact, the combined deflection in

nanometers is equal to the distance travelled by the z-piezo.

We use a pair of cantilevers from the same wafer and assume

that the cantilevers have identical spring constants, and there-

fore the deflection in volts of each cantilever is equal to half

the translation by the z-piezo. We justify this assumption by

noting that the resonant frequencies and quality factors of the

two cantilevers are very similar. The calibration for deflection

(InvOLS) is then half of the slope of the voltage–z-piezo plot.

If the cantilevers were to have different spring constants, then

we would use the appropriate weighting to determine the

InvOLS.

An alternative method for calibrating the InvOLS would

be to first calibrate the deflection of a single cantilever by

pressing it against a solid, and then substituting the second

cantilever for the solid. However, the InvOLS depends on

the immersion fluid and the laser alignment, and in our cur-

rent apparatus, it is difficult to exchange samples within a

fluid.

Periodically, a new image can be taken to realign the

horizontal position of the tips and re-establish the vertical

separation zero position between the two tips. This is neces-

sary to account for any drift in position. Once this is done,

the z-piezo can be used to establish the required separation

in z. With the tips in alignment, the z-piezo can be used to

select a vertical tip-to-tip separation. From this point, and

during data collection there are no “moving” parts; the only

motion is molecular motion of the fluid and the fluctuating

deflection of the cantilevers due to motion of the molecules

within the fluid and cantilever.

The signals from the top cantilever (part of the commer-

cial AFM) and the bottom cantilever are recorded synchro-

nously by an Asylum Research Atomic Force Microscope

controller (Nyquist frequency, fNy¼ 25 kHz) or a National

Instrument (Irvine, CA) NI PCI-6110 Data Acquisition card

(fNy¼ 500 kHz). The phase lag between detection systems

was shown to be negligible in an experiment when both

lasers recorded the motion of a single cantilever. By mea-

surement of the energy spectral density as a function of laser

power, we found that the laser had a negligible effect on the

temperature of the cantilever. The energy spectral density

did not change noticeably between the beginning and the end

of the experiment, indicating that the cantilevers were not

damaged during the course of the experiment (from laser

power or adsorption of contaminants).

In each experiment, we typically measure the deflection

signals at 50 kHz for 50 s or 1 MHz for 16 s. Subsequent data

processing consists of (1) dividing the data points into N
bins, (2) subtracting a linear curve fit from each bin to

remove drift in the signal (this removes the deflection of

the AFM cantilevers that arises from small temperature

changes), (3) taking a Fourier transform of each bin and cal-

culating the PSD for each cantilever averaged over all bins,

and (4) normalizing the data by dividing through by
ffiffiffiffiffiffiffiffiffiffiffi
A=fNy

p
where A is the area under the PSD. The noise spectra are

then G11ðxÞ ¼ 1
N

P
bins x

_

1ðxÞx_1
�ðxÞ and G12ðxÞ ¼ 1

N

P
bins

x
_

1ðxÞx_2
�ðxÞ where x

_

iðxÞ is the Fourier transform of the

normalized signal from each cantilever and x is the fre-

quency. The cross-correlation is normalized by the geometric

mean of the normalization constant for each contributing

signal.

FIG. 2. Top view optical microscope images of the cantilever pair. (Top)

The two cantilevers are brought in proximity of each other. (Bottom) The

two cantilevers are aligned coarsely using micrometer translation stage and

then with nanometer precision using the piezoelectric devices of the AFM.

013503-3 Radiom et al. J. Appl. Phys. 113, 013503 (2013)
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The auto and cross-correlation functions are then

the inverse Fourier transform of the noise spectra for

which we used an inverse fast Fourier transform function:

hxiðtÞxjð0Þi0 ¼ IFFT (Gij) where i¼ j for autocorrelation and i
6¼ j for cross-correlation. The superscript on the correlation

function h…i0 denotes normalized calculations. The normal-

ization procedure described in step (4) gives a value of the

autocorrelation of unity at zero time lag: hxiðtÞxið0Þi0 ¼ 1:

III. RESULTS AND DISCUSSION

A principal advantage of two cantilever measurements

(CFS) over one cantilever measurements is that the thermal

noise in the cross-correlations between the two cantilevers is

much smaller than the thermal noise in the autocorrelation

(for a single cantilever).34 This principal has already been

demonstrated in dual trap optical tweezers measurements,1,15

and theoretically for a cantilever pair.35 The power density

spectrum of the autocorrelation and cross-correlation of the

deflection in our CFS is shown in Fig. 3. It is clear that the

cross-correlation noise spectrum has a much smaller magni-

tude and is typically about 1/4 of the autocorrelation noise

spectrum for the same cantilever in the same fluid at this

value of the cantilever separation. When molecules are stud-

ied by straddling them between the cantilevers, this cross-

correlation arising from the solvent coupling of the cantile-

vers will be the “noise” that sets the limit of force resolution.

Thus, by changing from one cantilever to two cantilever

measurements, we have lowered a fundamental noise limit in

AFM single molecule spectroscopy. The dispersion of noise

in the cross-correlation also has the interesting feature that

there is a particular frequency near the resonant frequency

where the thermal noise is zero (see Fig. 3).

The autocorrelations and cross-correlations of the

deflections of the cantilevers at various separations in water

are shown in Fig. 4. The autocorrelation is a very weak func-

tion of separation. In contrast, the magnitude of the cross-

correlation increases monotonically as the tips are brought

closer together. This is expected: The fluid coupling is stron-

ger when the tips are closer together.3 A similar effect has

been observed for two particles using the optical tweezers

technique.36

The change in cross-correlation with separation also

demonstrates that the observed correlation arises from the

fluid coupling in the tiny gap between the cantilevers, and

not from a spurious external driving of the entire device by a

noise source in our lab.

The cross-correlation does not change significantly at

smaller cantilever separations (d¼ 6.5–7.2 lm), which corre-

sponds to smaller tip separations (s¼ 318–1000 nm). At this

point, we do not have a complete understanding of why the

cross-correlation does not change significantly in this range,

but we do note that this separation of less than 1 lm is much

less the size of the unsteady viscous boundary layer around

the oscillating cantilever. This boundary layer is approxi-

mately given by the Stokes length, ds ¼
ffiffiffiffiffiffiffiffiffiffi
t=xr

p
where t is

the kinematic viscosity. For our apparatus, the Stokes length

is approximately 14 lm for ORC8-B cantilever in water.

Thus, the two cantilevers are well within the viscous domi-

nant region of the flow. We note that the overlap in the canti-

levers is about 8 lm� 40 lm (Figs. 1(b) and 2), which is

much greater than the area of the tips, so it is not surprising

that the hydrodynamics is dominated by the cantilevers and

not the tips. The important point is that the coupling is very

weakly dependent on the tip-tip separation. The insensitivity

of the background “noise” to tip separation will be a very

useful property in single-molecule studies because the mod-

eling of the noise can be held constant while molecules are

subject to different extensions and compressions by the tips.

Figure 4 also shows that during the time span of 0 to

0.5 ms there are several in-phase and out-of-phase correla-

tions in thermal fluctuations of the two cantilevers. This

behavior is different from the behavior of two particles

trapped in an optical trap where only one anti-correlation can

be seen over 0 to 4 ms,1 because of the lower Q. This shows

the capability of CFS to give more detailed information over

a shorter time span.

Note that because the instrument is based on a commer-

cial AFM, the separation s between the tips changes with

time (drifts) even when the voltage to the piezo is kept con-

stant. This drift primarily arises from changes in tempera-

ture that cause the dimensions of all parts of the apparatus

to change with time, and in particular, the parts that rigidly

link the two tips. This drift changes the separation, s,

between the tips in an unknown way. The cantilevers, which

consist of silicon nitride with a gold coating, tend to bend

slightly with small temperature, which also changes s. In

contrast, movements of the piezo are reliably known

because they are measured independently by a linear vari-

able differential transducer, so we measure the separation

using the piezo. The separations shown in Fig. 4 were

obtained by extending the z-piezo so that the tips touched

each other, then retracting the piezo to the desired position,

measuring the auto and cross-correlation, and then again

extending the z-piezo to touch the tips. Each value of s is

the average distance travelled before and after the correla-

tions are measured. The distance before and after varied by

up to 200 nm which shows the extent of the drift during this

measurement.

FIG. 3. Comparison between the normalized power spectral density (G11)

and the normalized cross-correlation noise spectrum (G12) in water at 23 �C
(ORC8 B: length¼ 200 lm, width¼ 40 lm, k¼ 0.1 N m�1). Separation

between the cantilevers is d¼ 6.5 lm (s¼ 318 nm).

013503-4 Radiom et al. J. Appl. Phys. 113, 013503 (2013)
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IV. MODELING THE CORRELATIONS IN WATER

The first stage of the analysis is the realization that the

thermally driven oscillations that we measure have the same

origin as the decay of the system with time, starting from a

non-equilibrium condition. If the initial condition is close to

equilibrium, the response will be linear and we can invoke

the fluctuation-dissipation theorem,37 and model the thermal

fluctuations with a deterministic ringdown of the cantilever

as described by Paul and Cross.5,38

The autocorrelation, hx1ð0Þx1ðtÞi, and cross-correlation,

hx1ð0Þx2ðtÞi, of equilibrium fluctuations in cantilever tip dis-

placement are given by the deterministic ringdown of the

cantilevers due to the removal of a step force from the free

end of one of the cantilevers35

hx1ð0Þx1ðtÞi ¼
kBT

F1

X1ðtÞ; (1)

hx1ð0Þx2ðtÞi ¼
kBT

F1

X2ðtÞ; (2)

where X1(t) is the deterministic motion of the top cantilever

when the step force is removed from the top cantilever, and

X2(t) is the deterministic motion of the bottom cantilever

when the step force is removed from the top cantilever.

These equations apply in the limit of small perturbations and

were recently shown to be valid for the interpretation of cor-

relation force spectroscopy experiments with laterally offset

cantilevers in Newtonian fluids by comparison of experiment

to finite element modeling of cantilever ringdown.14,38

It is known that the correlations in thermal fluctuations

of a cantilever can be described quantitatively using a simple

harmonic oscillator model.39 Here, we explore two coupled

harmonic oscillators to model the ringdown of the cantile-

vers, which can then be input into Eqs. (1) and (2) to gener-

ate the correlations for comparison to experiment. In this HO

model, each cantilever is modeled as a lumped mass, m, con-

nected to the same fixed base by a spring of stiffness, k (the

cantilever), and a damper with damping coefficient, ca (the

hydrodynamic damping on the cantilever), as shown sche-

matically in Fig. 5. We ignore the damping by the material

that comprises the cantilever because it is small. The hydro-

dynamic damping from the fluid spanning the gap between

the two cantilevers is modeled as a second damper with

damping coefficient, cc

€X1 þ
ca

m
þ cc

m

� �
_X1 �

cc

m
_X2 þ xr

2X1 ¼ 0; (3)

€X2 þ
ca

m
þ cc

m

� �
_X2 �

cc

m
_X1 þ xr

2X2 ¼ 0: (4)

We expect that cc is a function of the fluid, the oscillation

frequency, and also the separation between the cantile-

vers.14,38 m is the lumped mass which includes the actual

mass of the cantilever plus the fluid loaded mass due to the

motion of the fluid surrounding the cantilever (the plates

shown in the schematic have zero mass). In general, m and

FIG. 4. (a) Autocorrelation and (b) cross-correlation of equilibrium fluctua-

tions in cantilever deflection in water at 23 �C. A series of measurements is

shown for various tip–tip separations, s¼ 318–7300 nm, which corresponds

to a cantilever–cantilever separation, d¼ 6.5–13.5 lm. d¼ 6.5 lm and

d¼ 13.5 lm are labeled and the rest of separations are in sequential order.

Commercial AFM cantilevers are used (ORC8 B: length¼ 200 lm,

width¼ 40 lm, k¼ 0.1 N m�1). The prime on the left axis indicates normal-

ized correlation function. Note that the autocorrelation data for different sep-

arations almost overlay: There is a slight decrease in amplitude at smaller

separations. The cross-correlation increases monotonically as the separation

decreases. Discrete points have been represented as a line for clarity.

FIG. 5. Our model for the cantilever mechanics in a Newtonian fluid. m is

the effective fluid loaded mass of the cantilever, k is the spring constant, and

ca is the hydrodynamic damping on individual cantilevers. cc is hydrody-

namic damping from fluid spanning in the gap between the two cantilevers.
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ca (and cc) are frequency-dependent parameters (see Eqs.

(28) and (29) in Ref. 35); however, for computational sim-

plicity in our HO model we assume that they are constant for

the resonance peak that we analyze. Thus, we expect that the

HO model will be more accurate for fluids with narrower res-

onant frequency, i.e., higher Q factor.14 We fit ca and xr

from the autocorrelation of one of the cantilevers when the

two cantilevers are far from each other. At large separations,

all the damping is attributed to ca, and thus cc¼ 0.

Thus, we obtain all three parameters ca, m, and k from

experimental measurements of the autocorrelation of cantile-

ver displacement in water at large separation, and the param-

eter of interest, cc, is fit for each individual separation. ca

and xr are kept constant for the rest of separations and the

only fitting parameter is cc.The lumped mass in fluid for

each cantilever was obtained from the resonant frequency in

the fluid, xr, and the stiffness of the cantilever using

m ¼ k=xr
2.

The initial conditions of the ringdown are X1(0)¼F1/k
(the initial step force), and X2 ¼ _X1 ¼ _X2 ¼ 0 from experi-

mental data. Since all motions are scaled by the magnitude of

the initial step force, from here on we present all equations

and results with displacements nondimensionalized by F1/k.

The solution to Eqs. (3) and (4) in symmetric and antisymmet-

ric modes is14

XsðtÞ ¼ exp
�ca

2m
t

� �
cos

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xr

2 � ca

2m

� �2
r

t

 ! 

þ
ca

2m

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xr

2 � ca

2m

� �2
r sin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xr

2 � ca

2m

� �2
r

t

 !1CCA ; (5)

XaðtÞ ¼ exp � ca

2m
þ cc

m

� �
t

� �

� cos

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xr

2� ca

2m
þ cc

m

� �2
r

t

 ! 

�
� ca

2m
þ cc

m

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xr

2� ca

2m
þ cc

m

� �2
r sin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xr

2� ca

2m
þ cc

m

� �2
r

t

 !!
:

(6)

The motion of the cantilevers are then X1 ¼ ðXs þ XaÞ=2 and

X2 ¼ ðXs � XaÞ=2: Comparing the two modes, it is obvious

that the presence of the damper cc does nothing to the sym-

metric mode, but speeds the decay and decreases the oscilla-

tion frequency in the antisymmetric mode.

The best fit for cc was obtained by minimizing the devia-

tion squared between the measured cross-correlation and the

cross-correlation from the HO model over the range 0 to

1 ms in Fig. 4. We also examined the best fit to both the

cross-correlation and the autocorrelation together, which

produced essentially the same results.

The HO fit is shown in Fig. 6 together with the experi-

mental data for water at several cantilever-cantilever distan-

ces. The HO fit is very good for cantilever separations out to

about 8 lm but is not so good at a cantilever separation of

13.5 lm. The diminished quality of the fit at large separation

may be because the cross-correlation is weaker and the fluid

coupling is small. However, the agreement between theory

and experiment is very good at the small separations, which

is the important region in single molecule spectroscopy.

Thus, we have set the base model to which the properties of

a straddling molecule can be added.

The absolute values of the fit parameters are also of

interest. First, the fitted value of ca¼ 14.8� 10�7 kg/s

(obtained at large separation and held constant for other

separations) is similar to the value calculated at the resonant

frequency from a harmonic oscillator model using frequency-

dependent damping ca¼ 16.5� 10�7 kg/s39,40 (Eq. (29) in

Ref. 35). A fluid with greater damping (and thus a larger

spread of frequencies at resonance) would be expected to

return poorer agreement than water (Q¼ 2.3).

Fitted values of the hydrodynamic coupling as a func-

tion of separation are shown in Fig. 7. For small separations

(s¼ 318–1000 nm), cc is almost constant and these are the

separations of interest in molecule force spectroscopy.41,42

As described above, the roughly constant value of cc means

that there will be one fewer parameters to fit as a function of

separation. At these separations cc is about 2 times smaller

than ca which demonstrates the advantage of measuring the

cross-correlated motion of two cantilevers, compared to one

cantilever. At separations greater than 1000 nm, cc dimin-

ishes monotonically and is approximately linear with separa-

tion until it is about an order of magnitude smaller than ca

(at a separation of about 13 lm).

V. PREDICTED RESOLUTION OF SINGLE MOLECULE
CFS

The magnitude of the force noise amplitude, Fij, can be

estimated from the auto and cross-correlations3,35

Fij ¼ k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jhxið0ÞxjðtÞij

q
max
; (7)

where i¼ j for the single cantilever measurement. The force

noise amplitude will depend in general on the separation

between the cantilevers and the spring constant. For the

experiment in water, the spring constant is �0.1 N m�1 and

the maximum amplitude of the cross-correlation is �0.0051

nm2, so F12� 8 pN when the cantilevers are separated by

d¼ 6.5 lm (s¼ 318 nm). For a single cantilever of the same

spring constant, the thermal noise is about F11� 20 pN; thus,

the thermal noise is about 2.5 times smaller in the two canti-

lever experiment. Note that we converted the normalized

correlations to units of nm2 through multiplication by kBT=k:
Figure 8 shows the noise force amplitude, F12, as a func-

tion of separation between the two cantilevers. Obviously

F12 decreases with increasing separation between the two

cantilevers. This suggests the use of cantilevers with longer

tips in single molecule experiments to reduce the thermal

force noise amplitude. In addition to thermal noise, we note

also that the use of two (sharp) tips in CFS compared with

one tip acting against a plate in one-cantilever single mole-

cule force spectroscopy greatly reduces the van der Waals

force in CFS. This is significant because the van der Waals
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forces cause adhesion of two solids and sets a background

force that is not of interest in single molecule studies.

VI. SINGLE MOLECULE MEASUREMENTS
ON DEXTRAN

The capabilities of the instrument were demonstrated by

a measurement of the stiffness and damping of dextran mole-

cules in aqueous solution. The top cantilever tip was

immersed into a (10% w/v) solution of dextran (Sigma-

Aldrich; part no. 31392; MW¼ 500 000) in water and then

removed and the water allowed to evaporate. The cantilever

was washed with a copious amount of water to release

loosely attached dextran. The two cantilevers were then

placed in the CFS and a drop of water added. In each force

run, the top cantilever was brought into contact with the bot-

tom cantilever, and dwelled for a few seconds at a few nN

contact force. It was then retracted from the bottom

FIG. 6. Auto and cross-correlation of equilibrium fluctuations in cantilever displacement for a pair of AFM cantilevers in water at 23 �C. (a) Autocorrelation at

large separation; (b), (d), (f), and (h) autocorrelations for a series of separations; (c), (e), (g), and (i) cross-correlations for a series of separations. Commercial

AFM cantilevers are used (ORC8 B: length¼ 200 lm, width¼ 40 lm, k¼ 0.1 N m�1). Experiment is the data measured by CFS, and HO model was calculated

using the fluctuation-dissipation (FD) theory to model fluctuations via cantilever ringdown and a coupled HO model for the ringdown (see Eqs. (5) and (6)).

The prime on the left axis indicates normalized correlation function. Experimental data collected with Asylum Research Controller at 50 kHz.

FIG. 7. Fitted damping coefficient cc as a function of separation between the

cantilevers. Fits are shown in Fig. 6. For comparison ca ¼ 14.8� 10�7 kg/s.
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cantilever by increasing the separation between the bases of

the cantilevers at a constant velocity while the NI-card

recorded the deflection signals from each cantilever at

1 MHz. Sample deflection signals are shown in Fig. 9. The

optical lever sensitivity (OLS) of each cantilever was calcu-

lated using the spring constant of the cantilever (measured

earlier by the thermal method) combined with a thermal

noise spectrum at the end of each run (with tips not touch-

ing). The measurements in Fig. 9 show that each cantilever

senses an approximately equal and opposite force as required

for a system near mechanical equilibrium.

The fluctuation spectrum depends on what is tethered

between the two cantilevers. The interesting time window

for single molecule measurements is the last (largest separa-

tion) region where the cantilever is deflected before a me-

chanical instability (see Figure 9); for that region only a

single polymer still straddles between the tips. The fluctua-

tions in this region were divided into displacement segments

so that the polymer properties could be analyzed as a func-

tion of polymer extension.

The fluctuations were again analyzed using HO model-

ing but this time the term, cc, has been divided into two con-

tributions, cc;p (polymer damping) and cc;fl (fluid damping).

The polymer stiffness, kp, has also been added. The polymer

damping, which is sometimes called the internal friction, is

the additional damping that arises from the presence of the

polymer and includes dissipation caused by the polymer

moving through the solvent and through itself. First, the fluc-

tuations were fitted after the polymer bridge was broken to

determine the parameters except for cc;p and kp.

Then, the fluctuations during polymer extension were

fitted to the following equations to obtain cc;p and kp:

FIG. 9. Deflection of top and bottom cantilevers. The deflection signal has

been filtered at 500 Hz to remove noise.

FIG. 8. The noise force amplitude due to fluid coupling (F12) versus distance

between the two cantilevers. Maximum of cross-correlations, jhx1ð0Þx2ðtÞijmax,

are obtained from Fig. 6.

FIG. 10. Fits of Eqs. (8) and (9) to the measured thermal noise spectrum at a

tip–tip separation of 152 nm with polymer straddling between the tips (the

same polymer extension shown in Fig. 9). The drift during this measurement

was about 1 nm/s, and each displacement segment is 0.3 s, so the drift for

each segment is 0.3 nm. Fitted values are cc;p¼ 164 lg/s and kp¼ 2.9 mN/m.

FIG. 11. Parameters used to fit Eqs. (8) and (9) to measured fluctuation data

during extension of a dextran molecule. CFS data (correlated fluctuations

mode or CF-mode) symbols are filled and single cantilever data using the

method of Ref. 27 (fluctuations mode or F-mode) are shown by shaded sym-

bols. Different shapes represent different experiments.
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Gs;polymertðxÞ ¼
kþ 2kp

kþ kp

� �
4kBTca

ðmð2pxÞ2 � kÞ2 þ ðcaÞ2ð2pxÞ2
;

(8)

Ga;polymertðxÞ ¼
k þ 2kp

k þ kp

� �

�
4kBTðca þ 2cc;fl þ 2cc;pÞ

ðmð2pxÞ2 � k � 2kpÞ2 þ ðca þ 2cc;fl þ 2cc;pÞ2ð2pxÞ2
;

(9)

where the subscript s denotes the symmetric mode, and a
denotes the antisymmetric mode. (Note that the noise spectra

and correlation functions are Fourier transforms of each

other, see Eqs. (13) and (14) in Ref. 35.) The important point

is that cc; fl and cc;p do not appear in Eq. (8) which is a reduc-

tion in the number of fitting parameters. A sample fit is

shown in Fig. 10.

The fitted values of cc;p and kp as a function of extension

force are shown in Fig. 11. They show that the polymer

becomes stiffer as it is extended. For a new type of measure-

ment, it is useful to validate against an existing method. The

only other method for measuring internal damping of a sin-

gle polymer chain (that we are aware of) is the method from

Smith’s group:27 We have used their method to obtain data

for the same dextran sample and have plotted that data on

the same graph for comparison. The measurements using

Smith’s method are for greater extension force, but our

measurements using CFS have a similar magnitude.

VII. CONCLUSIONS

We have developed an instrument that measures the

cross-correlation in the thermal vibrations of two closely

spaced cantilevers in a tip to tip orientation in fluid at equi-

librium. The instrument is easy to incorporate into a com-

mercial AFM and retains the full functionality of the AFM,

including imaging and control of cantilever displacement.

Thermal noise sets a fundamental limit to AFM single

molecule force resolution. We demonstrated that the CFS

has a lower noise floor than single cantilever measurements,

and show that the force noise amplitude is already only 8 pN

in our current set-up, which is approximately 1/4 of the noise

in the one-cantilever spectroscopy using the same cantilever

and fluid. The decreased noise arises because the noise along

the length of each cantilever is not correlated, only the noise

arising from fluid motion in the gap between the cantilevers

is correlated.

The correlations in thermal fluctuations of two cantile-

vers can be described quantitatively using a simple harmonic

oscillator model and the fluctuation-dissipation theorem. In

our approach, the fit parameters (e.g., damping and stiffness)

can be used to understand the properties of fluids or mole-

cules that are between the cantilevers. Fluid damping in the

gap between the two cantilevers decreases with increasing

separation. However, at small tip-to-tip separations (<1 lm),

which is the relevant length scale in single molecule spec-

troscopy, fluid damping between the two cantilevers is

almost independent of separation. Thus, in single molecule

spectroscopy, the changes in damping can be attributed to

the straddling molecule.

CFS can be used to obtain information about single

polymer molecules. For example, the fluctuations of cantile-

vers that are linked by a dextran molecule show that the dex-

tran molecule has a stiffness of about 0.015 N m�1 and an

internal damping of about 2� 10�7kg/s when subject to a

force up to 200 pN.
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