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Determination of shear stiffness based on thermal noise analysis in atomic force microscop
Passive overtone microscopy

Tanja Drobek, Robert W. Stark,* and Wolfgang M. Heckl†

Universität München, Institut fu¨r Kristallographie und Angewandte Mineralogie, Theresienstraße 41, 80333 Mu¨nchen, Germany
~Received 30 November 2000; published 21 June 2001!

In torsional overtone microscopy, a dynamic atomic force microscopy technique, antisymmetric vibration
modes of a v-shaped cantilever are used to investigate the elastic properties of the tip-sample contact. In order
to minimize the vibration amplitude, no external excitation is added in the passive overtone mode. In this
mode, the thermomechanical noise of the surface coupled cantilever at room temperature is analyzed. This
allows the shear stiffness of the tip-sample contact to be extracted from the analysis of the power spectrum of
the photodiode signal. The load dependence of the first torsional vibration on silicon, aluminum, and cadmium
telluride surfaces is compared with a theoretical mechanical model.
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I. INTRODUCTION

The combination of high spatial resolution with high for
sensitivity in atomic force microscopy~AFM!1 makes it a
suitable instrument for the investigation of elastic properti
The elastic modulus of soft materials can be determined
quasistatic nanoindentation measurements on the nanom
scale.2 For stiff materials the accuracy of this method is lim
ited, since small tip radii imply a high contact pressure ev
at low forces, and therefore the limit of plastic deformati
restricts the applicable forces.3 The rate of data acquisition
for quasistatic indentation methods is limited by the fund
mental resonant frequency of the cantilever, though it is p
sible to accelerate the quasistatic methods by miniaturiz
the probes.4 Dynamic methods like fourier transformed forc
microscopy,5,6 ultrasonic force microscopy,7–10 and acoustic
friction force microscopy11,12take advantage of the effects o
tip-sample interactions on the cantilever vibration in order
characterize the sample. In torsional overtone microscopy
antisymmetric vibration mode of the cantilever is used
achieve image contrast based on the shear stiffness o
tip-sample contact.13

In thermodynamic equilibrium the mean-square displa
ment of the tip from its neutral position is described by

A^u2&5AkBT

ccant
. ~1!

Here,u is thez-displacement of the tip,kB is the Boltzmann
constant,T the temperature of the surrounding heat bath,ccant
the cantilever spring constant, and^& denotes the average i
time ~cf. e.g.14,15!. Therefore the average potential energy
the Brownian motion of the cantilever is 1/2kBT for each
degree of freedom. By measuring the spectral power den
and the resonant frequencies of this thermomechanical n
it is possible to calibrate the force constant of the AF
probe.14,16,17Another application of the thermal noise is th
investigation of oscillatory hydration potentials and the m
surement of viscoelastic parameters of polymers.18,19

Here we report on the investigation of mechanical sam
properties by analysis of the thermomechanical noise of
0163-1829/2001/64~4!/045401~5!/$20.00 64 0454
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first antisymmetric eigenmode of the cantilever. In this sm
amplitude limit of force microscopy, friction effects20,21 and
nonlinearities22 are minimized. The cantilever used in th
experiment has a spring constant ofcnorm50.13 N/m, so in
z-direction the free cantilever has a mean square displa
ment A^uz

2&51.8 Å, which is reduced when the tip is i
contact with the sample. It has a lateral spring constan
ctor513.4 N/m and the lateral mean square displacem
A^uy

2& of the tip from the neutral position at room temper
ture is

A^uy
2&5

0.64 Å

Actor

,20 pm, ~2!

which is smaller than the typical interatomic distance. T
lateral oscillation amplitude is the lower experimental lim
achievable in room temperature AFM.

II. MODELING

When the movement of the AFM tip is restricted by th
interaction forces between the tip and the sample, the bou
ary conditions of the cantilever motion change, inducing
node in the vibrational motion at the tip and increasing
resonant frequencies. Due to their different bending sha
the symmetric and antisymmetric vibration modes are in
enced differently by the contact stiffness normal to t
sample surface and the lateral stiffness parallel to the sam
surface.

In Fig. 1, the principle of the torsional overtone micro
copy is shown. The v-shaped cantilever is driven at the re
nant frequency of the first antisymmetric~torsional! vibra-
tion, where both arms oscillate in opposing directions, giv
rise to a torque at the front end of the cantilever. In the c
of a free cantilever, the tip executes a lateral motion. In c
tact with the sample surface, the torque leads to a differ
bending shape as well as an increase of the resonant
quency of the torsional vibration mode.13

Though the contact stiffness in the normal as well as
the lateral directions are not proportional to the loadi
force, in the small amplitude limit they can be approximat
©2001 The American Physical Society01-1
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as a tripod of linear springsknorm, klat/x , andklat/y , which
are mounted on the tip apex.The linearized shear stiffnessklat
is proportional to the contact radiusa,23

klat58G* a, ~3!

whereG* is the effective shear stiffness of the tip-samp
contact, which is calculated from the shear moduliGi and
the Poisson’s ratios of the tip and sample materials

G* 5S 22n1

G1
1

22n2

G2
D 21

. ~4!

The effective Young’s modulusE* of the tip sampler con-
tact, with respect to Young’s moduliEi , is given by

E* 5S 12n1
2

E1
1

12n2
2

E2
D 21

. ~5!

For anisotropic materials, the correction factorb (hkl) has to
be introduced into the second term24 leading to the indenta
tion modulus

M (hkl)5b (hkl)S E,100.

12n2 D . ~6!

The Young’s modulusE,100. in ,100. direction of the
crystal is easily derived from the components of the ela
tensor25

E,100.5s11
21 . ~7!

The effective shear modulus is calculated from the sh
moduli Gi of tip and sample by Eq.~4!. The shear modulus
is calculated from the componentssi j of the elastic tensor25

G5@2~s112s12!#
21. ~8!

Since different material properties, such as elasticity a
adhesion, contribute to the interaction between tip a
sample, there is no general description of the contact
chanics. The conditions of the contact can be character
by the parameterm, which represents the ratio of the elas
displacement of the surfaces at the point of separation~pull-
off! to the effective range of the surface forces26

FIG. 1. Principle of passive overtone microscopy. The t
sample contact is modelled as a tripod of linear springsklat/x , klat/y ,
andknorm attached to the tip. The Brownian motion of the cantilev
is detected by an optical-beam setup and investigated with a s
trum analyzer.
04540
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m5S RW2

E* 2z0
3D 1/3

. ~9!

Here,z0 is the equilibrium separation of the Lennard-Jon
potential,R is the tip radius, andW the work of adhesion. For
stiff materials with small long-range attractive forces, i.e. f
m,0.1, the contact mechanics is described by Dejargu
Müller, and Toporov~DMT!,2728 whereas form.5, in the
case of compliant materials with large, short-range attrac
forces, the Johnson-Kendall-Roberts model~JKR! can be
applied.29 Though in between both extremes the adequ
description is given by the Maugis-Dugdale model~MD!,30 it
was shown that form.0.3, the radius of contact is we
predicted by the JKR model.26 In the experiment reported
here, the values ofm are in the range of 0.34 to 0.56, thus th
JKR model was used for the interpretation of the experim
tal data.

In the framework of the JKR23 theory the contact radius i
given by

a5F 3R

4E*
~P13pRW1A6pRWP1~3pRW!2!G 1/3

.

~10!

Here,P is the normal load pressing the tip into the surfac
The work of adhesionW can be determined experimental
by measuring the pull-off forcePsep, which is necessary to
separate tip and sample,29

Psep521.5pWR. ~11!

In order to get a realistic description of the mechani
behavior of the system, the cantilever was modeled by fin
element analysis~FEA!. The finite element analysis was ca
ried out using the static and modal analysis tools of the co
mercial software packageANSYS 5.4 running on an IBM-SP2
workstation at the Leibniz Rechenzentrum, Mu¨nchen, Ger-
many. The resonant spectrum of the v-shaped cantilever
calculated solving the eigenvalue problem

M ü1C u̇1K u50. ~12!

M and K are the mass and the stiffness matrix,C is the
damping matrix, andu denotes the nodal translation vecto
The influence of the tip-sample contact is introduced into
model as a tripod of linear springs connected to the tip. Si
the boundary conditions are not time dependent, they
integrated in the stiffness matrixK . In order to avoid an
unrealistic deformation of the tip in the FEA model, ea
spring was divided into 65 separate parallel springs, c
nected to each node of the tip, which was modeled as a
off pyramid. The cantilever model was built up as a mesh
4062 nodes, consisting of a single material component.
the correct section moment, the Young’s modulus of t
material was reduced,31 whereas the Poisson’s ratio was i
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creased to reproduce the resonant frequencies of the tors
vibration modes. In this procedure, the different experim
tally determined values of the damping were taken into
count, which lead to a shift of the resonant frequencies. M
refinement was performed in order to verify the mesh in
pendence of the solutions.

The result of the modal analysis is shown in Fig. 2. T
resonant frequencyf tor of the first antisymmetric mode i
plotted against the shear stiffnessklat of the tip-sample con-
tact. Sincef tor is independent ofknorm, a value of 100 N/m
was used for the normal springs, which is a typical value
the contact stiffness of an AFM tip on an aluminum surfa
The value forf tor versus the lateral spring constant is fitt
empirically by the logistic function

f tor5
f 12 f 2

11S klat

k0
D p 1 f 2 , ~13!

with the parametersk05113.0 N/m, the frequency of th
free cantilever torsionf 15192.3 kHz, the frequency of th
cantilever torsion with a clamped tipf 25248.8 kHz, as well
as an exponentp51.004. This fitting function has a symme
ric sigmoidal shape on a logarithmic scale. Using Eq.~13!
the lateral stiffness of the tip-sample contact is derived fr
the shift of the resonant frequency.

III. EXPERIMENTAL

The spectral density of the thermomechanical noise of
AFM photodiode signal was measured with the tip in cont
to different sample surfaces. Quasistatic cycles of load
and unloading were carried out in order to investigate
dependence of the lateral stiffness from the contact rad
Between the loading and unloading steps, and data acq
tion, a time interval of 90 s was added for relaxation.

The data were obtained with a modified commercial AF
instrument in ambient conditions~Topometrix Explorer, dry
scanner, 130mm scan range and 10mm z-range!. The de-

FIG. 2. Calculated resonant frequency~squares! of the first tor-
sional vibration mode versus spring constants of the lateral spr
(klat/x , klat/y!. An empirical Logistic function~solid line, parameters
k05113.0 N/m, f 15192.3 kHz, f 25248.8 kHz, p51.004) is a
good approximation for the FEA data.
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flection of the cantilever was detected by an optical le
system and a quadrant photodiode. The frequency spect
the thermal noise were measured with a spectrum anal
~HP E 4402 B, ESA-E series!. The respective work of adhe
sion was determined from a series of quasistatic for
distance curves on the samples. All experiments were
formed with a single cantilever~Park Scientific Instruments
sharpened Microlever, gold-coated Si3N4, v-shaped, nomina
spring constantc50.1 N/m, measured spring constantc
50.13 N/m, resonant frequency nominalf 0538 kHz, and
measured 31.5 kHz!. The exact geometry of the cantileve
used in the experiment was obtained from a detailed S
analysis.32 The thickness of the gold layer was measur
with the AFM on an edge produced by partially removin
the coating.

In the experiment three different samples were inve
gated. The surface of a silicon~100! wafer, a piece of poly-
crystalline aluminum~Topometrix test sample!, and the
~100! surface of a cubic Cadmium Telluride~CdTe! single
crystal. An isotropic approach was used for the calculation
the effective shear stiffnessG* .

IV. RESULTS AND DISCUSSION

The spectral density of the thermomechanical noise of
cantilever in the frequency range from 180 kHz to 230 k
for several loading forces on the aluminum sample is sho
in Fig. 3. Curve~1! is the torsional resonance of the fre
cantilever with a resonant frequency off 15192.8 kHz. The
contact resonances@curves~2! to ~7!# were measured increas
ing the loading forceP stepwise. While the peak intensit
decreases at higher loading forces, the torsional resonan
quency is shifted towards higher frequencies. Here the hig
loading forces cause an expansion of the contact region
therefore an increase of the lateral stiffnessklat , leading to a
frequency shift of the torsional resonance as predicted
modal analysis@cf. Fig. ~2!#. For a detailed analysis, the fre
quency shifts were determined by fitting a resonance pea
the spectral density data. With Eq.~13!, the lateral stiffness
values were calculated from the measured frequency sh

The lateral stiffness measured during approach/ret
cycles on the Al, Si, and CdTe samples is presented in Fig
plotted versus the loading forceP. The data were fitted using
Eq. ~10! and Eq.~3!, achieving experimental values for th
reduced shear stiffnessG* as a fit parameter. The results o
the fitting procedure are listed in Table I. With an effecti
tip radius of 24 nm and the reduced shear stiffnessG* cal-
culated from the literature data,33 the fitting curve of the JKR
model reproduces the experimental data very well. Fo
quantitative deviation of the shear stiffness, the d
achieved on the aluminum surface was taken as a calibra
standard for the interpretation of the data measured on
other samples.

For the silicon data, a fit with the same effective tip radi
leads to a reduced shear stiffness value, which is about 1
smaller than the calculated value. Due to the higher rigid
of the silicon material, uncertainties in the elastic consta
of the tip material as well as deviations from the ideal sphe
cal geometry show a stronger influence on the real are

gs
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contact than on compliant materials.
For the cadmium telluride sample the experimental va

is about 3% higher than the literature data. The CdTe sam
also shows nonelastic effects: in Fig. 4, the dotted line
connecting the lateral stiffness data measured in an appr
retract cycle. The arrow indicates the beginning of a hys
etic behavior, starting at a loading force ofP.21 nN ex-
plained by the transition from elastic to plastic deformatio
From JKR theory, the contact radius isa53.8 nm. There-
fore, the average pressure is about 470 MPa, while the m
mum pressure at the tip apex is 690 MPa.23 This value is
comparable to a Mohs’ hardness of 600 MPa reported
cubic CdTe.34 The deviations from values obtained by ma
roscopic methods are presumably caused by a nonidea
shape. In the approach direction, contact softens at the
currence of plastic yielding. In retraction, the area of cont
between tip and sample is increased, leading to a stiffe
effective contact. Thus, for a determination of elastic para
eters, only values in approach direction, before the onse
yield, were used.

V. CONCLUSIONS

An alternative approach for the determination of elas
sample properties by atomic-force microscopy has been
troduced here. In order to minimize the tip amplitude a
thus avoid nonlinearities and friction effects in the ti

FIG. 3. Noise spectra of the first torsional vibration.~1! free
cantilever,~2!-~7! surface coupled cantilever~aluminum sample!.
The loading forceP was increased step-by-step as indicated.
04540
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sample contact, only passive thermal excitation was
ploited. Analyzing the spectral density of the thermom
chanical fluctuations attributed to the first antisymmet
~torsional! vibrational mode of the surface-coupled cantil
ver, the shear stiffness of the specimen was obtained.
experiment shows that passive torsional overtone mic
copy is a quantitative method for the determination of na
mechanical properties with high spatial resolution. Additio
ally, it can be applied to quasistatic indentatio
measurements, where it provides complementary inform
tion on the mechanical contact properties. It also should

FIG. 4. Lateral stiffness determined from the resonant frequ
cies of the first torsional vibration as obtained from noise spectr
contact with Si, Al, and CdTe surfaces versus the loading forceP.
The data were fitted using the JKR model~solid lines! for GSi*
514.4 GPa,GAl* 59.6 GPa, andGCdTe* 54.6 GPa. The dotted line
shows an approach retract cycle on CdTe~curved arrow!. The onset
of the hysteretic behavior is indicated with an arrow. Note the
parent softening due to plastic deformation, as well as the hig
stiffness in retraction caused by an enlarged contact area.

TABLE I. Experimental data of the effective shear modulus f
silicon, aluminum, and cadmium tellurideG* in comparison with
the values calculated from the material parameters reported in
erature. The tip was modeled using the elastic constants of am
phous silicon nitride. The pull-off forcePsep was determined from
force-distance curves.

Si Al CdTe Si3N4
a

Gexp* ~GPa! 14.4 9.6 4.6
Gcalc* ~GPa! 15.9 9.6 4.5
E* ~GPa! 75.6 50.2 22.1
E,100.~GPa! 129 63.3 23.4 170
Gcalc~GPa! 50.5 23.1 8.3 60
n 0.28 0.36 0.41 0.27
s11 (TPa21) b 7.74 15.8 42.7
s12 (TPa21) b 22.17 25.8 217.4
s44 (TPa21) b 12.6 35.8 49.5
b c 0.92 0.95 0.89
Psep(nN) 16.2 10.7 14.8

aReference 31.
bReference 33.
cReference 24.
1-4
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possible to make use of the method for single molecule fo
spectroscopy experiments in order to obtain further inform
tion on viscoelastic properties.35 For an extensive analysi
of the contact properties, other resonances can also
analyzed.
it
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