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Assuming that the height of the objects of the AFM investigation is underestimated because of
contact deformations and solving the Hertz contact problem, the general numerical solution of the
problem has been obtained. Approximate analytical solutions which are valid for certain relations
between the contact geometry parameters have been found for the case of a cylindrical specimen.
The solutions obtained agree well with the experimental results. The approach developed made it
possible to determine the elastic parameters of an individual microobject adsorbed on the surface of

a solid substrate.

INTRODUCTION

Despite the opportunity of achieving a high spatial resolution, information obtained by the
probe microscopy methods, in particular, atomic force microscopy (AFM), does not
adequately reflect the real peculiarities of the surface in some cases. This is due to artifacts
of the method, which are caused by the effect of the investigation instrument on the subjects
under study. As a rule, these artifacts can be easily taken into account in the interpretation
of AFM results at the qualitative level. However, the specific character of some problems
can necessitate quantitative estimates and methods of the restoration of the real structure of
the objects.
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We analyzed two basic artifacts of AFM, the influence of which is especially important
in conducting investigations of individual microobjects adsorbed on the surface of a solid
substrate: the effect of the profile broadening [1] and the effect of underestimation of the
height of the AFM-images of the objects investigated. The consideration of the latter effect
from the viewpoint of the analysis of contact deformations of the probe and specimen is
reported below.

CONTACT DEFORMATIONS

Starting with the first works on the AFM-visualization of nucleic acid molecules [2], it has
been noted that the heights of the AFM-images of DNA were essentially underestimated as
compared to the existing model concepts on the molecule structure. At the same time, the
effect of the height underestimate did not clearly manifest itself in some other objects (with
similar physical properties but different curvature radii). For example, it was found in the
visualization of the virus particles of tobacco mosaic (VIM) and of molecules of the virus
RNA [3, 4] that the effect of the height underestimate is inessential for the virus particles.
At the same time, the height of the AFM-images of RNA is lowered by more than 50%, in
spite of the fact that the objects were, as a rule, visualized on the same picture and at the
same scanning force. An application of the method presented below allowed us to describe
this effect in a qualitative manner and relate it to the difference between the radii of VTM
particles (~10 nm) and particles of nucleic acids (<1 nm).

Following [5], we assumed that the effect of underestimate of the AFM-image heights is
related to the contact deformations. Indeed, in the scanning process, the probe and the
specimen interact with the forces of the order of (1-100)x 102 N. It turns out that the
contact pressure can comprise a considerable value and lead to contact deformations due to
the small value of the curvature radius of the probe nib (~10 nm).

CONTACT OF TWO BODIES

The problem of the contact deformations of two bodies was for the first time solved by
H. Hertz [6]. We will base ourselves on this solution [7]. If two contacting bodies are
compressed with some force F, they will deform and approach at a certain distance 4 to
each other. Herewith, the contacting region will no longer be a point but a section with a
finite area S.

The analysis of the problem includes the consideration of the total curvature tensor of the
contacting surfaces ¥qg +x,,’,ﬁ.The principle values A and B of the tensor can be expressed
through the principal curvature radii of the contacting surfaces. The corresponding
formulae are given in [7] for the general case.

The solution of the contact problem, providing that the deformations are small as
compared to the corresponding curvature radii, shows that the shape of the contact region
is an ellipse with the semi-axes a and b. It permits one to express these values and the value
of the approach & caused by the deformation through the known parameters of the problem,
the value of the compressing force F, the contact geometry parameters A and B, and the
coefficient D, inverse to the effective elastic modulus:
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Here E, E’, o and ¢’ are the Young and the Poisson moduli of the materials of the probe
and specimen.

However, as the ultimate formulae expressing the solution of the contact problem
represent a system of nonlinear equations with implicit dependences on the unknown para-
meters a and b [7], either a numerical solution or an additional analysis with simplifying
assumptions is necessary for interpreting the experimental results. Below, we will consider
the application of the Hertz solution to the analysis of particular cases, which are important
for applied problems.

CONTACT OF A SPHERICAL PROBE WITH A SPHERICAL (OR FLAT)
SPECIMEN

The problem to be analyzed is topical in the consideration of the contact deformations
which appear in scanning of either microobjects with the shape, which can be approximated
by a sphere (for example, molecules of a family of proteins and others), or flat specimens,
for example, thin films.

If the probe and the specimen are described by spherical surfaces near the contact point
and characterized by the curvature radii R and R’, then

1/1 1
= = - =4 =],
4 =8 Z(R R')

It follows that a = b and the relations between the parameters of the problem become
substantially simplified. One can easily show that the contact region will represent a circle
with the radius a:

17301, 1Yy1/3
= — + —
a = (FD) ( R R’) . )
The following formula is valid for the value 4 in this case:
23l 1yW3
| P + Sy .
h = (FD) ( 7R ) 3)

The formulae (2), (3) are used, for example, by the authors of [5], for model estimates,
which are extremely important for an adequate interpretation of the results of AFM investi-
gations (especially, investigations of bipolymers which are characterized by a sufficiently
low Young’s modulus: E ~ 1081010 Pa).
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However, the formulae indicated are a consequence of the solution of the contact
problem for a particular case and are inapplicable, for example, to the analysis of contact
deformations of the probe and cylindrical specimen.

CONTACT BETWEEN A SPHERICAL PROBE AND CYLINDRICAL
SPECIMEN

The model of a cylindrical specimen should be considered in the analysis of deformations
(in AFM studies) of cylinder-shaped micro-particles (virus particles, various linear macro-
molecules and so on).

In the case when a spherical probe with the radius R contacts with the lateral surface of
a cylinder (specimen) of the radius R’, the parameters A and B are expressed as follows:

-l 1 - A
A—2(R+R,),B -+ @)

However, the relations representing a solution of the contact problem in this case are not
directly simplified. The numerical solution is possible but requires preliminary analytical
calculations because of the complexity of the system to be solved. Therefore we
additionally simplified the initial relations and obtained analytical formulae for two parti-
cular cases (close values and different values of the parameters A and B), which can be
useful for making estimates in the interpretation of experimental results. Comparison of
these solutions to the total numerical solution showed a good agreement (when fulfilling
the corresponding conditions of approaches).

The case of different principal values of the summary tensor of curvature of the
contacting surfaces. Providing that the cylinder radius is less than that of the probe in the
case of a contact between the probe and the lateral surface of the cylinder, the formula (4)
indicates that the principal values of the summary tensor of the surface curvature are
different: A > B. Using the general solution of the contact problem, one can show thata < b
in this case. In the case, when this difference is large enough, we can simplify the initial
nonlinear integral relations [7] using the asymptotic of the total elliptical integral. The latter
is valid providing that a? << b?, which is not a rigid condition:

K(k) = 1n(£,j+ )

with K = N1 -k,
Then, the approach caused by deformation will be

1/3
e (%) (C+1)(FD)2/3BU3. 6)
n C

The structure of this formula coincides with that of the formula (3) for the spherical case.
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Here, the dimensionless parameter C depends on the ratio of the parameters a and b of the
ellipse:

-1=%5 )

Using the equation (7) and the known value of the B/A ratio, one can numerically determine
the ratio b/a and, correspondingly, the value of the dimensionless parameter C. The
numerical solution shows that the value of the parameter C lies within the range 1-3 for
many problems. In particular, one can use the relation C = 2 with a rather good precision
in the analysis of the contact between the probe (R = 10 nm) and the molecule of the nucleic
acid (R’ =1 nm).

The formulae obtained for the parameters a and & of the elliptical region of the contact
are somewhat awkward; therefore, we do not present them. Their structure coincides with
the structure of the equation (2), though. Thus, all the unknown parameters can be directly
expressed through the known quantities (F, D, A, B) and the parameter C, which can be
determined from the relation (7) or taken approximately C =2,

The case of the close principal values of the summary curvature tensor of the contacting
surfaces. The case of the close values A and B is realized, for example, in the problem of
the contact between the spherical probe and the lateral surface of the cylinder, providing
that the cylinder radius is much larger than the probe radius. Then, according to the
relations (4), A is indeed close to B, and one can show that @ ~ b. The asymptotic (5) is no
longer applicable in this case. One should use the asymptotic of the total elliptic integral

[81:

K(k) = ’5"(1 +m)[1+...],

where m = (1 = K)(1 + K), K = A1 —k>.

In this case one can also derive dependences with the structure similar to that of the
formula (2) for the parameters of the contact region a and b. We do not cite them. We obtain
for the approach of the probe with the specimen due to deformation:

1 1 )—1/3’ @®)

2/3
k= (FD) (4—A+4_B

It also has the structure similar to equations (3) and (6).

Thus, the approximate relations, which allow the direct determination of the values
required through the known parameters of the problem, can be also obtained for the case of
close A and B values.

Above, we considered the contact deformations in the region of the contact between the
probe and the specimen. However, the overall deformation, which determines the under-
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estimate of the AFM-profile height, also includes the contribution of deformations in the
region of the contact between the specimen and the substrate (the model describing the
situation where the probe presses on the specimen from above is in mind). In this case, one
just requires the A and B parameters to determine in a proper way by considering the
geometry of the contact between the specimen with the radius R’ (which the probe presses
on from above) and the flat substrate:

A=sp8 2(R+2R’]' ©)

The specimen should be considered as a bent cylinder with the bending radius of the
surface contacting with the substrate, R + 2R’. The analysis of this case does not differ from
that undertaken above for the values of A and B determined by the formula (4).

APPLICATION OF THE ALGORITHM DEVELOPED TO THE COMPARATIVE
ANALYSIS OF DEFORMATIONS OF SPECIMENS WITH DIFFERENT RADII
VALUES

To test the algorithm developed, we used it to calculate contact deformations in the model
cases of a cylindrical specimen with the radius of 1 and 10 nm. The results of the numerical
calculations are given in Table 1 where the same parameters of the problem are used for the
sake of convenience.

The calculations, according to the approximate methods, give the following differences
from the exact solution. For R” = 1 nm, the approximate solution for different A and B gives
a difference of about 2% in the values a and b, and 0.5% in the value of 4. For R’ = 10 nm,
the approximate solution for the close A and B gives a difference from the exact solution of
about 10% in the values a and b, and 1% in the value of A.

The main conclusion drawn from Table 1 is that the relative deformations of the objects
with a smaller curvature radius are essentially higher, providing that the other conditions
are the same. Thus, we explained the experimental effect mentioned above and manifesting

Table 1. Comparative analysis of contact deformations in the model of a cylindrical specimen for
various radius values.

R Contact region a, b, nm P, 10° Pa h, nm & %
1nm Probe/specimen 0.46;2.2 1.6 0.36 18
Specimen/substrate 0.47;2.4 1.5 0.34 17
Summary deformation 0.7 35
10 nm Probe/specimen 1.1, 1.8 0.8 0.29 1.4
Specimen/substrate 1.3:2.7 0.4 0.21 1
Summary deformation 0.5 2.5

Note. The parameters of the problem: the Young modulus of the specimen E’ = 1010 Pa, and that of
the probe E = 10! Pa, the value of the compressing force F = 5x1072 N, the curvature radius of the
probe nib R = 10 nm. g is the relative deformation (4/2R’)x100%.
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Figure 1. Experimental (points) and theoretical (line) dependences of the deformation of
VTM particles on the value of the loading force in the scanning.

itself in the fact that the relative deformations of the nucleic acid molecules substantially
exceed the relative deformations of VIM molecules.

COMPARISON WITH THE EXPERIMENTAL DATA

For experimental verification of the “two thirds” law (6), (8)

h~(FDY**f(R,R"), (10)

we studied the deformation of VTM particles and DNA molecules using various values of
the loading scanning force.

A good agreement between the experiment and the theory (10) was observed for VITM
particles (Fig. 1). The experimental errors were determined as a standard deviation of the
simple mean in the statistical processing of the values obtained by analyzing several
AFM-images for the specific magnitude of the scanning force.

The theoretical dependence was obtained by the method of the analysis of contact
deformations of a cylindrical specimen (exact solution) as considered above. The values
R=25nm and E' = 3% 10° Pa found experimentally were used in the analysis. It follows
from Fig. 1 that the “two thirds” law (10) is valid for the case studied in a wide range of
forces, except for the region of the minimal efforts. It can be related to the fact that the
presence of capillary forces in the experiment in the air does not make it possible to
minimize the force of the probe onto the specimen to the value smaller than a few nano-
newtons.

The corresponding experimental dependence for DNA molecules is presented in Fig. 2.
The experiment was conducted in the same scheme and under the same conditions as in the
case of the analysis of VIM deformations. However, in the case considered, the
deformations cannot be described by the “two thirds” law (10). Instead, we observe a usual



1134 M. O. GALLYAMOV AND 1. V. YAMINSKY

Height of DNA molecules, nm

0.8
s
06 * 5 3 5 .
i,
041 g B
0.2t
L 1 1 |
0 50 100 150 200 F,nN

Figure 2. Experimental dependences of the deformation of DNA molecules on the value of
the loading force.

linear dependence, i.e., the Hook law. This is explained by the failure of the condition of
small deformations, which justifies the conclusions of the contact theory. The fact that the
relative deformations measured experimentally for the case of DNA molecules are large
even at small forces caused by the probe is explained by the presence of the capillary forces
(a capillary bridge). They do not permit one to minimize the scanning force in the air and
to provide the values, which are less than a few nanonewtons.
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