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In-plane deformation of cantilever plates with applications
to lateral force microscopy
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The in-plane deformation of atomic force microscqpd-M) cantilevers under lateral loading is
commonly assumed to have negligible effect in comparison to other deformation modes and
ignored. In this article, we present a theoretical study of the behavior of cantilevers under lateral
loading, and in so doing establish that in-plane deformation can strongly contribute to the total
deformation, particularly for rectangular cantilevers of high aspect (&imgth/width. This has

direct implications to lateral force microscopy, where the neglect of in-plane deformation can
contribute to significant quantitative errors in force measurements and affect the interpretation of
measurements. Consequently, criteria and approaches for minimizing the effects of in-plane
deformation are presented, which will be of value to users and designers of AFM cantilevers.
Accurate analytical formulas for the in-plane spring constants of both rectangular and V-shaped
cantilevers are also presented. 2004 American Institute of Physic$DOI: 10.1063/1.1667252

I. INTRODUCTION nigue is insensitive to in-plane movement of the cantilever,
such in-plane movement can strongly affect the interpreta-
Knowledge of the deformation of atomic force micro- tion of measurements, and hence quantitative lateral force
scope(AFM) cantilevers is fundamental to the performanceresults, as we shall discuss.
of the instrument and the interpretation of measurements. In  The presentation of this article is as follows. We will
lateral force microscop¥a lateral load is applied to the im- commence by deriving analytical formulas for the in-plane
aging tip of the cantilever, inducing a moment about thespring constants of both rectangular and V-shaped cantile-
cantilever axis. The resulting rotational deformatigwist-  vers. We primarily consider deformation perpendicular to the
ing) of the cantilever, which is typically measured by the cantilever symmetry axis, since this is the case most com-
optical deflection technique, can then be used to determinmonly encountered in practice. For completeness, the
the applied lateral force. This is typically accomplishedipy complementary case of loading parallel to the symmetry axis
knowledge of the torsional spring constant and calibration obf the cantilever is given in the Appendix. Following this, the
the lateral displacement of the imaging %ip,or (i) direct  effects of rotation on the total deformation shall be included.
calibration of lateral forces acting on the cantile%ér. In so doing, we shall present criteria that ensure the effects of
It is commonly assumed that AFM cantilevers are resisin-plane deformation are negligible. Finally, we will present
tant to in-plane deformation, i.e., deformation parallel to thea discussion of the implications of these results to lateral
plane of the cantilever, which is induced by the applicationforce measurements and to a recent study by one of the au-
of a lateral force to the |mag|ng t|p This assumption of purethOfS which Compared the lateral Stability of rectangular and
rotation then enables the rotational deformation to be relatel-shaped cantilever.
directly to the lateral movement of the tip. Indeed, the mea-
surement approach mentioned (il above is contingent on Il. THEORY
this premise. Consequently, in this article we present a de-
tailed theoretical study of the effects of in-plane deformation
in AFM cantilevers. Both rectangular and V-shaped cantile
Vers are consider_ed, since the.'_se are u_sed predominant!y iven in Fig. 1. We focus on loading in thedirection only,
practice. In so domg, we establish that |n—pl<":1ne defqrmat|0 ee Fig. 2, for reasons given above; results for loading in the
can strongly contribute to the t.otal deformqtlon, parhcularl_yX direction are given in the Appendix. Note that a general
for practl_cal rectangular cant|lev_ers of high _a_spect rali,teral load is easily constructed using a linear combination
(length/width). We also present rigorous conditions under ¢ ihese results. Initially, we consider the resulting in-plane
which in-plane deformation of cantilevers can be neglectedye o mation only, as illustrated in Fig. 3, i.e., deformation of
This is particularly .relevant to Iateral force rr_1easurementsthe cantilever in thex—y plane. The combined effects of
yvhere the assumption of pure rotat_|on underlies the trjeore?btational and in-plane deformation will be examined
ical framework of the above experimental methodql%gry. subsequentl§.The subscriptx andy shall refer to loading in
We emphasize that even though the optical deflection techy,q andy directions, respectively.
Throughout, the load is applied at the end of the imaging
dElectronic mail: jsader@unimelb.edu.au tip, at a distance\L measured back from the end-tip of the

In this section, we examine the effects of in-plane defor-
mation under the application of lateral forces, for both rect-
angular and V-shaped cantilevers, schematics of which are
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FIG. 3. Graphical illustration of tip deformation resulting from a lateral

load: undeformed cantilevésolid), deformed cantilevefdashegl Displace-
ment due to pure rotational deformationAs,,. Displacement due to pure
in-plane deformation ig\;,. Total displacement of tip is given by sum of
ArandAy,.
(b)
derive simple analytical formulas for the in-plane spring con-
stants of both rectangular and V-shaped cantilevers under
such loading. The accuracy and validity of these formulas
A will be assessed by comparison to rigorous finite element
results below.
\ For rectangular cantilevers, we work in the limit where
the lengthL of the cantilever greatly exceeds its width
L Consequently, standard beam théBris applicable, from

which we obtain the well-known result
FIG. 1. Schematic diagram @#&) rectangular andb) V-shaped cantilever EtC3

plates showing dimensions. k=—

. . . . Y A(L-AL)¥
cantilever, along its axis of symmetry, see Fig. 2. We note _ _ _ _ _
that the imaging tip has the effect of making the cantilevervhere the in-plane spring constaqtis defined as the ratio
rigid at its position. Consequently, the portion of the cantile-Of the applied lateral force to the resulting in-plane displace-

ver between the imaging tip and the end of the cantilever ignent at the load point, and wheleis Young'’s modulust is
taken to be rigid in the following calculatiofis. the thickness of the plate, and all other dimensions are speci-

fied in Fig. 1a).

To analyze the V-shaped cantilever, we consider the limit

Lateral loading in they direction corresponds to loading of d/b=0.5 which corresponds to a triangular plate. Since
perpendicular to the symmetry axis of the cantilever. We nowihe lateral load is perpendicular to the symmetry axis of the
cantilever, the stress distribution must be antisymmetric
about this symmetry axis, i.e., compressive on one side of
the symmetry axis, and tensile on the other. Furthermore, the
stress will be largest near the outer edge of the cantilever,
and decrease towards the symmetry axis. It then follows that
removing a triangular section near the center of the triangle,
which is equivalent to reducing the arm width radith, will
have little effect on the spring constant. Consequently, the
in-plane spring constant of a V-shaped cantilever will be in-
dependent of the arm width ratayb, to leading order, and
well approximated by that of a solid triangle. We therefore
utilize the analytical solution in Ref. 11 for an infinite wedge
loaded at its end-tip and restrained at a distandéeom the
end-tip, along the symmetry axis,

L -1
sl ?

()

A. In-plane deformation

FIG. 2. Schematic of cantilever tip showing applied forégs F,, F,,

load positionAL on the cantilever, height of imaging tipmeasured from

the base of the tip to the midplane of the cantilever, and coordinate system
used. Origin of coordinate system is at the center of mass of the clamped
end of the plate. where

ky=Et(a—sina cosa)|In
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b 4
a=tan ! Z) (3 b
This solution will be valid for loads positioned away from
the end-tip of the cantilever, i.e., finiteL/L, provided this 100

ratio is small, as the true stress distribution will be accurately
represented.

Note that the above in-plane spring constant of a & g
V-shaped cantilever is independent of the arm width Et
whereas the corresponding spring constant for a rectangular
cantilever is strongly dependent on its width 1

B. Combination of rotational and in-plane deformation

We now examine the combined effect of in-plane and
rota’glonal_ defprmanons_, when Iatgral forces are app“ed ®1G. 4. Comparison of analytical and FE results for the in-plane lateral
the imaging tip, see Fig. 3. To this end, we utilize the in-spring constant, of rectangular and V-shaped cantilevers fyt/L

plane formulas presented above and established analytical0.03. Analytical formula Eq(1) for rectangular cantilevefsolid line).
formulas for the rotational spring constants  of Analytical formula Eq.(2) for V-shaped cantilevefdashed ling FE results

rectangula.]lo'lz and V—shaped cantileve?‘%,which are re- [g;;e;]ciai;?;;ar cantileve(solid circles. FE results for V-shaped cantilever
viewed in Ref. 8.

To begin, we note that application of a lateral force to
the end of the imaging tip will result in both a rotational
deformation and in-plane movement of the cantilever, se
Fig. 3. To account for both contributing effects, we add the ev
lateral displacements resulting from these deformations t
give the total lateral spring constakt

etries. This is in direct contrast to loading in thelirection,
heree,~O(t/h)? for both rectangular and V-shaped canti-

ers.

o Note that in all cases, the relative importance of in-plane

deformation decreases as the imaging tip helgimicreases.

The performance of rectangular and V-shaped cantilevers

k=k™(1+e)" 1, (4)  with respect to in-plane deformation shall be examined in

where detail in the following section.

krot
&= 1w (5) Ill. RESULTS AND DISCUSSION

To begin, we assess the validity and accuracy of the

where the superscripts “rot” and “in” refer to individual formulas presented in Sec. Il A for the in-plane spring con-

contributions for pure rotational and in-plane deformatlons,stams’ by presenting a comparison with finite elent&i

; i rot i i
respectively. Specificaliyk™ is the ratio of applied lateral analysis™* Since the cantilever thickness is typically much

force to the 'ate“'?" dlsplacemer_lt at the load _pomt, for thesmaller than its plan view dimensions, in-plane deformation
case of pure rotational deformation of the cantilever. In con-

trast. k" is the analogous Sprina constant for pure in-olan inherently occurs under plane stress conditions; this is uti-
K gous sprng Jorpure I-plang;, o4 in the FE analysis. In addition, we only present results
deformation of the cantilever. Importantly, if the spring con- for V-shaped cantilevers with an aspect raii. = 1, which

tstarn'E[ dtlijentol Q'?I?;e Se“];?gtm iatltkﬁ‘grleatﬂy E);Cie?ri tgatr]dl':ce corresponds to the typical practical case; similar results are
0 rotational geformationt =, 1.€., &= 1, then detormation ot - i aineq for 0.5:b/L<1.5. Similarly, we only present re-

the ';I:p IS puretly duT to rotiflonallmo(;/e(;nent Zf thet.cantllever.sults for imaging tips positioned &L/L=0.03; results ob-
or a rectangular cantilever loaded in $hdirection, we tained for values within the range 08AL/L=<0.1 exhibit

- 12
find identical behavior and accuracy. Results for Poisson’s ratio
2 t\2(L—AL)\? v=0.25 are given only, since the in-plane spring constants
®T3(1+v) \h c ’ (®)  are very weakly dependent on Poisson’s ratio. Also note the

_ ) o _ ) following typical geometric properties of AFM cantilevers:
whereh is the imaging tip height, see Fig. 2. (i) V-shaped cantilever arm width ratios: &#/b<0.3; (i)
For V-shaped cantilevers, the corresponding eXpreSSiOFbctangular cantilever aspect ratiossR/c<10; (iii) posi-
is considerably more complex. We therefore simply presenfiony of the imaging tip for both types of cantilevers, 0.01
the leading order scaling behavior, which can be easily de< A | /| <0.1; and(iv) ratio of the imaging tip height to the
rived from the formulas given above and in Ref. 8, namely cantilever thickness, $h/t<30. These parameter ranges

dirt12rL12 will be used in the pursuing discussion.
&~ ~l|bl|h| |b ) @ A. In-plane deformation
It is important to note that, depends strongly on all dimen- In Fig. 4, we present a comparison of the in-plane spring

sions of the cantilevers, including their plan view geom-constants derived in Sec. Il A with results obtained using FE
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analysis, for the case of loading in tiielirection. Both rect-  relative importance of these deformations. Since the formu-
angular and V-shaped cantilevers are considered. From Fitps derived in Sec. Il exhibit good accuracy, we now use
4, it is clear that the analytical formulas accurately capturghese results to investigate the total lateral performance of
the behavior of the cantilevers. In particular, we find that theAFM cantilevers.
in-plane spring constant of a V-shaped cantilever is relatively  First, we note that AFM cantilevers possess imaging tips
insensitive to the arm width ratid/b, as predicted in Eq. with the property that their height greatly exceeds the canti-
(2); this is particularly true fod/b>0.2. This insensitivity to  lever thickness, i.eh/t>1. It then follows that both rectan-
cantilever plan view geometry contrasts directly with the be-gular and V-shaped cantilevers are insensitive to in-plane
havior of rectangular cantilevers, whose in-plane spring condeformation in thex direction, sinces,~O(t/h)?<1. Next,
stant is strongly dependent on the aspect ratio. We also  we consider loading in thg direction. For V-shaped cantile-
note that the formulas presented in the Appendix for loadingrers encountered in practice, we again fig<1, since the
in the x direction exhibit similar accuracy, although the de- aspect ratio of the cantilevel¥L~1 andd/b<1, see Eq.
pendence on geometry is very different. (7). Combined with the above result, this establishes that
It is interesting to compare the relative performance ofpractical V-shaped cantilevers are insensitive to in-plane de-
V-shaped and rectangular cantilevers to in-plane deformaformation in both thex andy directions, and thus all direc-
tion, under conditions where their normal spring constantgions. However, the situation is very different for rectangular
(for loading in thez direction, see Fig. Rare equaf Specifi-  cantilevers. From Eq(6), we see that there are competing
cally, we choose the cantilevers to have identical lengthsterms ine,, which allow for the possibility tha, is order
thickness, and material properties. This enables the relativenity. This can occur for cantilevers of high aspect ratio
merits of these cantilevers, with respect to in-plane deformaand small to moderate imaging tip ratiot, e.g., forh/t
tion, to be examined properly. We ensure that both cantile=5, L/c=10, andv =0.25, we finde,~2, which indicates
vers have equal normal spring constants by invoking the pathat lateral movement of the tip due to in-plane deformation
allel beam approximatiotr, which dictates the relationship of the cantilever is twice as large as that due to rotation of

between the width of the arms of both cantilevers, the cantilever. Indeed, many rectangular cantilevers currently
4@ 1 manufactured possess the propesfy-O(1). This finding

c= 26{ 1+ ] , ®) can have significant implications to quantitative force studies

b performed using lateral force microscopy, as we shall now

whered=d cose is the shortest width across the arms of thedlscuss.

V-shaped cantilever. From Fig. 4, we find that the relative In Iater_al force microscopy, Iateral_forces are typically
. . measured in theg direction. In performing these measure-
performance of the cantilevers is strongly dependent on their

lan view geometry. For rectanaular cantilevers wi ments, the cantilever sensitivity to lateral forces must be cali-
P geometry. . 9 . .brated. One method used is to bring the imaging tip into
>2, corresponding to equivalent V-shaped cantilevers with

d/b<0.3, Fig. 4 establishes that V-shaped cantilevers pos(;ontact with a surface, then move the surface and induce a

sess higher in-plane spring constants in yfairection. It is prescribed lateral displacement of the tip. When measured

important to note, however, that fofb=0.3, which corre- using the optical deflection technique, this is observed as a

sponds to the upper limit of arm width ratios encountered ingE?nggtxezhnetﬁgc;;?g:g?gigolgigi%ei?gﬁgsetimlghg trﬁleat'ﬁg:
practice, equivalent V-shaped and rectangular cantilever P b P P

. o : fsodiode voltage is established. Throughout, it is assumed that
give comparableg direction in-plane spring constants. These

results contrast to those in thadirection, where the equiva- this lateral displacement of the tip induces a pure rotation of

lent rectangular and V-shaped cantilevers exhibit similar in-the cantilever. This enables use of the torsional spring con-

. . ; stant to connect the measured lateral displacement of the tip
plane spring constants, regardless of their plan view geo

otr n}_o the applied lateral force, once the imaging tip height is
Y. known. However, if significant in-plane deformation occurs,

We emphasize that these findings for in-plane deformafhen use of the torsional spring constant to connect the lateral

tion are independent of those for pure rotational deformatior?Orce 10 the lateral displacement of the tio will not be valid
found in Ref. 8, which showed that rectangular cantilevers P b : )
Rectangular cantilevers are used commonly in lateral

exhibit superior resistance. The implications of combining S
. o ; . force measurements for a number of reasons, which include
these independent findings for rotational and in-plane defor~ =~ ="~ . . . S e
. . . their simplicity of design, calibration, and relative insensitiv-
mation will be discussed below.

ity to load position in comparison to V-shaped cantilevers.

B. Implications to total lateral deformation

L—AL\?
— <1, 9

Use of rectangular cantilevers that satisfy the criterion
In practice, lateral loading of AFM cantilevers is typi- 2 L)Z

cally achieved by application of forces to the imaging tip, see sy_3(1+ v)\h

Fig. 2. Consequently, both rotational deformation of the can-

tilever, due to induced moments, and in-plane deformatiomwill ensure that the foundations of the above-mentioned

must be included to determine the total cantilevermethodology for quantitative lateral force measurements re-

deformatior® In Sec. 1B, formulas for the lateral spring main valid. Alternatively, effects of in-plane deformation can

constants were given, which include the combined effects obe rigorously included using the theoretical formalism given

rotational and in-plane deformation, and thus indicate theabove.
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range of 0.&d/b=<0.3 (which corresponds to HL/c=2

for the equivalent rectangular cantileyemd AL/L=0.03;
similar results are obtained for 08AL/L=<0.1. These re-
sults indicate that the effects of in-plane deformation in the
comparison of V-shaped and rectangular cantilevers, are en-
hanced by reducing the arm widths and imaging tip heights
of the cantilevers, and can be significant for small tip height
ratios h/t and small arm width ratiosl/b. Importantly, a
survey of V-shaped cantilevers currently available reveals
that at most, in-plane deformation is comparable to rotational
deformation in the equivalent rectangular cantile\eFhis
leads to the comparable rectangular cantilever exhibiting a
d lateral spring constant approximately half that of the
b V-shaped cantileve?® this occurs only for smalh/t and

FIG. 5. Plot showing ratio of lateral spring constants of equivalent rectan-d/b' Apart from th_ese limiting (_:ases, rOtatlonal.deformatlon
gular and V-shaped cantilevers, as a function of V-shaped geometry, fof@ptures the dominant behavior and results in rectangular
lateral loading in they direction. Both types of cantilevers have identical cantilevers exhibiting superior resistance to lateral fof€es,
normal spring constants, lengths, imaging tip positions, and tip heights, ags shown in Ref. 8.

specified in Ref. 8, also see E®@). Superscripts rect and V refer to rectan- N . . :
gular and V-shaped cantilevers, respectively. Results givenbfbor=1, The flndlngs of this StUd_y and REf'_8_ establish t_hat rect

AL/L=0.03, »=0.25, and for various tip ratioh/t=5,10s. Note that ~angular and V-shape_d cantilevers eXh|b_|t lateral stiffness of
h/t— corresponds to results given in Ref. 8 for pure rotational deforma-comparable order, with rectangular cantilevers generally ex-
tion. hibiting superior lateral resistance. Since the lateral and nor-

mal spring constants of both types of cantilevers are sensitive

We emphasize, that the effects of in-plane deformatior{© cantilever dimensions and can be easily tuned, use of
are in addition to other complicating factors such as tip_V—shaped cantilevers on the grounds that they exhibit supe-
sample complianc¥ and imaging tip deformatiol, which rior resistance to lateral forces, as is currently the case, is not
can all strongly affect the calibration and interpretation ofiustifiable. This conclusion is further supported by the geo-
lateral force measurements. Importantly, the influence offetric complexity of V-shaped cantilevers, which can com-
these effects can be eliminated by directly calibrating theplicate the interpretation and calibration of measurements.
angle of rotation of the cantilever, rather than the displace-  This study has investigated the effects of in-plane defor-
ment of the tip. In such cases, use of the torsional Sprin@wation on the tota! lateral deformgtion of both fectangular
constant to determine the lateral force is formally valid, sincet"d V-shaped cantilevers. In so doing, we examined the va-
the app“ed torque is independent of the above factors. Prdelty of the aSSUmptlon that In-plane cantilever deformation
cedures that directly calibrate lateral forces acting on thdS negligible in comparison to rotational deformation. We
tip®7 are also valid, regardless of in-plane deformation of thefound that the validity of this commonly held premise de-
cantilever. pends on the direction of loading and the cantilever under

Finally, we investigate the inclusion of these findings consideration. When loaded at the imaging tip, this assump-
into a recent studyby one of the authors, which compared tion is valid for V-shaped cantilevers always, irrespective of
the lateral stability of rectangular and V-shaped cantileversthe cantilever geometry and direction of loading. For rectan-
Specifically, that study considered pure rotational deformagular cantilevers, however, this conclusion holds for loading
tion, to examine the premise that V-shaped cantilevers ar# the x direction only. For loading in the direction, the
more resistant to twisting, and hence the effects of laterdielative importance of in-plane and rotational deformation in
forces, than rectangular cantilevers. In so doing, Ref. 8 forfe€ctangular cantilevers is strongly dependent on the cantile-
mally established that rectangular cantilevers are more resi¥€r geometry. Subsequently, a simple criterion was formu-
tant to rotational deformation than V-shaped cantilevers. Thidated, which when satisfied, ensures that in-plane deforma-
has significant implications in practice, since V-shaped cantion is negligible in comparison to rotational deformation.
tilevers are used commonly due to their presumed superiofhis is expected to be of particular importance in lateral
resistance to rotational deformation, and in-plane deformaforce measurements, where the assumption of pure rotational
tions cannot be measured typically. We now include in_p|anéleformation underlies conventional experimental methodol-
deformation, and examine any implications to the lateral sta®9y- The findings of this study will therefore be of value to
bility resulting from both rotational and in-plane deforma- the users and designers of AFM cantilevers.
tion. Only lateral deformations in thedirection are consid-
ered, since both types of cantilevers are insensitive to in-
plane deformations in the direction, i.e., results presented AckNOWLEDGMENTS
in Ref. 8 for lateral stability in thex direction are not influ-
enced by the effects of in-plane deformation. This research was supported by the Particulate Fluids

A comparison of rectangular and V-shaped cantileversProcessing Center of the Australian Research Council and by
which shows the effects of in-plane deformation on lateralthe Australian Research Council Grants Scheme. C.P.G. ac-
stability in they direction, is given in Fig. 5 for the typical knowledges support from an Australian Postgraduate Award.
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= 1- —)seé‘a
In this Appendix, we derive analytical formulas for the L b
in-plane spring constants of rectangular and V-shaped canti- 2 d L 2d\\ 1!
lever in thex direction, which corresponds to loading along (E F))
the symmetry axis of the cantilever. These formulas exhibit
similar accuracy to those for thedirection derived in Sec.
ITA.
For a rectangular cantilever, we consider the limitingEquations(A1) and (A4) clearly indicate that the in-plane
case where its length is much greater than its width A spring constants in the direction of both rectangular and
simple analytical formula is then obtained by noting that ay.shaped cantilevers decrease as the width of their respective

load parallel to the symmetry axis of the cantilever induces;yms decrease, i.e., widthfor rectangular cantilevers, and
uniform stresses parallel to the direction of loading. Conseyiqih g for V-shaped cantilevers.

quently, the spring constagi, in this direction, is given by

APPENDIX 2E dt(( 2d
k =

+ _
(a+sina cosa) L In (A4)

Etc

Ky=—"7—, Al
¥ L—AL (AL)
whereE is Young’s modulust is the thickness of the plate, ‘E. Meyer, R. M. Overney, K. Dransfeld, and T. Gyaldganoscience:
and all other dimensions are specified in Fi¢g)1 Friction and Rheology on the Nanometer Scélgorld Scientific, Sin-
. 3 . . . gapore, 1998
Ana_ly5|s of the V-shaped cantilever is more com_phcated 2y, Liu, T. Wu, and D. F. Evans, Langmuit0, 2241 (1994.
due _tO I'FS _elaborate g_eometry._We model this _can_tllever _by30. Pietrement, J. L. Beaudoin, and M. Troyon, Tribol. L&{t213(1999.
dividing it into two sections, as in Ref. 13. The first is a solid “r. G. cain, S. Biggs, and N. W. Page, J. Colloid Interface $27, 55
triangle at the end of the cantilever, and the second is two (2000.
supporting skewed rectangular arms. A straight line runningss. Ecke, R. Raiteri, E. Bonaccurso, C. Reiner, H.-J. Deiseroth, and H.-J.
parallel to the clamped end, at a distancelLfl—2d/b) ~,Butl Rev: Sci. Instrum72, 4164(2003. _
. °D. F. Ogletree, R. W. Carpick, and M. Salmeron, Rev. Sci. Instréi.
from the clamped end, separates these two sections. Th'%zgs(lggo
then enables solutions.for both ;ections to be ev_aluated SePan. Feiler, P. Attard, and I. Larson, Rev. Sci. Instrufid, 2746/(2000.
rately, and later combined to give the total spring constanty. E. Sader, Rev. Sci. Instrurii4, 2438(2003.
for the cantilever. 9Throughout, we delineate between cantilever deformation and imaging tip
For the triangular end section, we utilize the exact ana- deformation.

. . . . - 10 { -
lytical result given in Ref. 11 for the in-plane deformation of EiIIJ.NZSVa::(o?kndlggac. Youngrormulas for Stress and StraMcGraw

an infinite Wedge at its end point, 1S, TimoshenkoStrength of MaterialgVan Nostrand, New York, 1955
= L 2d 2For rectangular cantilevers, we neglect the higher order correction that

Wy = i X |n( . _) (A2) accounts for the inherent restraint against axial warping of the (Re&
Et(a+sinacosa) \AL b )’ 8). This was included in Ref. 8 to ensure formulas for all spring constants

) ) ) ) ) possessed similar accuracy. The neglect of this term here ensures consis-
where« is defined in Eq(3), w; is the displacement of the  tency with the derived in-plane spring constant, which neglects all higher
imaging tip relative to the bottom of the triangu|ar section, order corrections. For aspect ratibgc>2, the maximum effect of this
along the symmetry axigs, is the applied lateral load, and correction is a 30% increase in the torsional spring constant. This effect
all dimensions are as specified in Figgb)land 2. Provided  decreases as the aspect ratio incre&ges. 8.

13 . .
s S 11 . J. W. Neumeister and W. A. Ducker, Rev. Sci. Instri§8, 2527 (1994.
AL/L<1, this limiting solutiort* will be a good approxima- MLUSAS is a trademark of, and is available from FEA Ltd. Forge House, 66

tion, since the true stress distribution will be well repre- ign street, Kingston Upon Thames, Surrey, KT1 1HN, UK. Plane stress
sented. elements with quadratic interpolation were used throughout. The number
To calculate the deformation of the skewed rectangular of elements was refined to ensure accuracy better than 1%. Quadrilateral

arms. we note that the lateral load applied to the imaging tip elements were used for the rectangular cantilevers. For the V-shaped can-

is also applied to the top of these arms. In the case where thetllevers, qua.drllateral elements were useq along .the skewed recta.mgular
arms, and triangular elements were used in the triangular end section.

width of these arms is far smaller than thei_r length, the probss; ¢ Sader, Rev. Sci. Instruré6, 4583 (1995.
lem then reduces to calculating the deflection of two attachedr. w. carpick, D. F. Ogletree, and M. Salmeron, Appl. Phys. LZ0.
beams, under the application of a concentrated force at their1548(1997.

ends. The solution to this problentis 7M. A. Lantz, S. J. O'Shea, C. F. Hoole, and M. E. Welland, Appl. Phys.
Lett. 70, 970(1997.

F.L 2d 18This only occurs for V-shaped cantilevers with small arm width relfio.
WZ:—ZE dt 1- Y sel a, (A3) For example, the V-shaped cantileviicroleversg by Veeco, 112 Robin
Hill Road, Santa Barbara, CA 93117, with dimensidns 323um, b
wherews, is the displacement of the arms in tkalirection =215um, d=21um, h/t=5.5, has an equivalent rectangular cantilever

of aspect ratid-/c=8 with ¢~ 1. The lateral stiffness of the equivalent

; PR rectangular cantilever is 0.6 times lower than the V-shaped cantilever.
Summing the contributions from EqSAZ) and (A3) 1%We note that any imaging tip deformatigRef. 17 will reduce the dif-

then gives the total m—pIane dlsplacement of the cantilever at ference between the lateral spring constants of the V-shaped and rectan-

its imaging tip position. The resulting spring constant is gylar cantilever/tip combinations, provided the same tip is attached to both
therefore cantilevers.

relative to the clamped end.

Downloaded 11 Mar 2004 to 128.250.6.243. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



