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Effects of three-dimensional atomic forces in topographical imaging of atoms with an atom
force microscope
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A scanning tip on a surface is subject to the normal load and the scan direction friction force. This macro-
scopic model, however, breaks down for atomic-resolution imaging in an atom force micrgdédpewhere
the friction was found to be two dimensional. In this paper, a simple model is introduced to describe how these
three-dimensional atomic forces and the induced deflections are coupled through tip-cantilever force sensors.
In particular, we discuss a mechanism leading to an unexpected residual linear deflection due to the two-
dimensional lateral forces, which could be the main cause preventing optical-beam-deflection AFM’s from
obtaining true images of atoms in the contact mode. With this mechanism, some “topography” images of
surface atomic structure previously observed can be interpreted as maps of the lateral force in the longitudinal
direction. Some puzzling features such as the well-known “resolution of every other atom” of graphite topo-
graphical images can be readily explained.
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I. INTRODUCTION compared the simultaneously obtained “topography” and
friction force maps of the graphite surface and analyzed the
Ever since the invention of the atom force microscope shift between the peaks of the “topography” and the friction
(AFM), numerous attempts have been made to demonstrate the scan direction. Besides the “resolution of every other
its capability in imaging atoms. Binnigt al? successfully ~atom,” their measurement showed an anomalously large cor-
obtained the lattice image of a graphite surface with a cornegfugation amplitude which was not clarified. ldoheret al*?

of the cantilever, i.e., without a sharp tip. In the same yearStudied the movement of a tip on a graphite surface by mea-
Marti et al® also observed the hexagonal structure on &U"Ng and simulating lateral force maps. It was identified

highly oriented pyrolytic graphitéHOPG surface using a that the force maps represent a “hollow-site resolution” in_-
uniquely designed AFM with the sample covered by paraffinStead of the “resolution of every other atom” because the tip
an only profile the hollow sites due to the stick-slip move-

oil. Meyer and Amet® imaged the fcc structure of a NaCl %ent
(001) surface in an ultrahigh vacuufHV) with an optical- L . .
beam-deflection AFM, the type of design that subsequently(m In this paper, we attempt to link the topographical AFM

b all ilabl dh th t widel ages of atoms with the three-dimensional atom forces us-
ecame commercially avallable and hence the most wi eYng a simple model. In Sec. II, we start with an illustration of

i %he three-dimensional nature of the atom forces on a surface,
structures of both conductors and insulators on the atomigp,q then in Sec. Ill, we describe how these forces and the
scale in ambient atmosphere, UHV, and aqueous environpqyced deflections are coupled during atomic-scale topo-
ments. However, just as there were many successes, there @@phical imaging, analyzing them using a simple cantilever
many questions left with no definite answer. One of them isnodel. In Sec. IV, the simulation and experiment results are
that many topographical images of the graphite surface shogiscussed, followed by conclusions in Sec. V.

only three peaks per hexagonal ring, which has been inter-

preted as the atomlc. resolution qf every other at(')Fh.. Il THREE-DIMENSIONAL ATOM FORCES AND TIP

Therg are several possmlg explanations—however, with little DEELECTION ON A SURFACE

convincing supporting evidence.

Basically, an AFM detects atoms by means of atom The interaction forces between a scanning tip and a sub-
forces. It is understandable that the AFM also became astrate in contact are rather complicated. However, in practice,
extremely useful tool in surface tribological studie@ne because the scan speed is much slower than the vibrational
year after the invention of the AFM, Magt al® first studied  speed of atoms and the tip dynamics, we choose to treat the
atomic-scale friction and found that the frictional force im- system as if it is in equilibrium at all times and ignore the
ages exhibited the periodicity of the unit cell of the surfacenonconservative frictional forces due to phonon propagation,
and attributed this observation to the “stick-slip” phenom- etc. Also neglected are the atomic dynamics and surface de-
enon. Fujisawaet al®~!! pointed out that the atomic stick- formation. Regardless of their simplicity, such conditions
slip motion is not one dimensional but two dimensional, re-have been assumed in previous studies and many experimen-
ferring to the corresponding lateral forces as “two- tal results were successfully reprodu¢ddeven with such
dimensional” friction forces in contrast to the traditional simplifications, the interaction could still be complicated by
one-dimensional macroscopic friction. Ruan and Buh&hanthe coexistence of several types of long-range macroscopic
argued that the two-dimensional lateral forces are intrinsicforces and short-range repulsive forces—namely, electro-
not necessarily dependent on the stick-slip motion. They alsetatic, magnetic, van der Waals, and chemical interactions.
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However, for contact-mode imaging, the tip is often placed
in the short-range repulsive-force-dominant regime, and in
this case, one can neglect the long-range forces and assume 150
only the two layers of atoms at the contact surface play an
important role. Therefore, in the following calculation, we
consider a layer of substrate atoms in contact with a layer of
tip atoms scanned at a constant height.

In the interaction potential field of the substrate, the peri-
odic potential of a tip primitive lattice cell at positiahcan
be written as the summation of its Fourier components:

V(F)=% Vg exp(iG - 7). (1)

The two-dimensional reciprocal lattice vectos=uv,b,
+v,b, (v, andv, are integerssatisfyb; - & =2m4,; , where

g, is thejth primitive lattice vector of the substrate crystal. A
contact layer withm lattice cells has a total potential of

V=, % Vg exp(iG - Fpy), 2) 0

where the position of each individual caﬂn=F0+'F, is the
summation of the nominal tip positiafy and a crystal trans-

lation vector of the tip latticeT. A special case is that FIG. 1. The potential mafin arbitrary unit$ of a single-layered
=u,d,;+Uu,a, (u; andu, are integers and Eq.(2) becomes graphite tip(large circle$ scanning over a graphite substrate layer
(small circles with a scan size of 7.4 A by 7.4 A. Ifa), the tip and
= R the substrate are commensurate whilédnthe tip is rotated by 30°
Vi= %: EGZ Ve expliG - o) - expliG - T). 3 before scanning. A pairwise Lennard-Jones potential is used for the
calculation.
But exp(éf):l becausé§~f=2w(vlul+v2u2); the total
potential is thus given by equilibrium position. Such a phenomenon was observed pre-
viously in lateral force microscopé.FM) friction studies,
SN and double(lattice constantstick-slip has been report@d.
Vt:m% Ve expliG - fo). 4 For a tip with large enough stiffness and/or small enough
load, the number of minima reduces to one which is within a

This is the case when the most significant interaction occurssyblattice distance from the tip equilibrium position, and
The coherent interaction results in large corrugations of theghen stick-slip does not occur.

total potential which increase linearly with the number of the
tip atoms. However, a more general cas?%sulél+ U,a,

and each term exi&-T) in Eq. (3) contributes a phase error

to the sum so that the total potential is flattened. As an ex-
ample, Fig. 1 illustrates the calculated interaction potential
map of a 28-graphite-atom single layer scanning over a sub-
strate layer of the same kind with 984 carbon atoms. For case
(@), the tip and the substrate are commensurate as described
by Eq. (4) while in (b) the tip is rotated by 30° and shows a
flattening effect by an order of magnitude.

Meanwhile, if the tip is attached to springs which are
flexible in both x and y directions, the potential of the
springs under elastic deformation and the potential of the
tip-substrate interaction can be superimposed and plotted
versus the, y direction deflections as shown in Fig(c2 FIG. 2. (a) Calculated corrugations of the tip substrate interac-
Clearly, the tip in the equilibrium state could stick at one of jon potential, which is equivalent to that of FigibL (b) Potential
the local minima around the equilibrium position of the tip contour lines of a tip that can elastically deflect in battand y
and result in two-dimensional deflections and induced force%irections_(c) The superposition ofa) and (b) indicates the local
In practice, due to the strong spring stiffness, limited verticalminima where the tip could stick. Left lower corner is the tip equi-
load, and flattening effect mentioned above, the tip sticksibrium position; the arrows iric) are the tip displacement vectors.
usually no more than several lattice constants away from th&he scan size is 1.5 nm by 1.5 nm in all plots.
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(@) f°° respect to the tip holder in which the tip is clamped. During
imaging, the tip holder is stationary while the sample fixed

_>90° VL on the scanner travels in the y, andz directions. The
X relative motion of the scanner is equivalent to the motion of

the tip holder in the opposite direction. It is convenient to
consider a coordinate frame fixed with respect to the scanner
(b) , and discuss the relative motion of the tip and the tip holder in
: z o this coordinate frame.
e 4 d Considering a cantilever always aligned with thaxis as
shown in Fig. 8a), the force on the tip can be decomposed in
(_T thex, y, andz directions—i.e., the transverse (90°), longi-
y tudinal (0°), andvertical directions. The force in the di-
FIG. 3. (a) Top view showing the tip orientation and the scan rection is uncoupled with the forces i1 and z directions
directions.(b) Forces on the tip in thg-z plane are replaced by an (provided that the torsional deflection angle is smafi the
equivalent force and moment on the cantilever end, neglecting thg-z plane, the other two forcés, andF, can be relocated to
axial deformation due t&, . the end of the cantilever with an additional momégh as
shown in Fig. 8b), whereh is the tip height. The relocated
Therefore, for a tip with either single or multiple atoms lateral forceF;, can be disregarded, provided that the force is
contacting with the surface, the lateral forces and the inducedot big enough to cause buckling or significant elongation in
deflections are generally two dimensional and limited inthey direction, which is typically true for atomic-scale im-
magnitude. On the microscopic and larger scale, the noncoraging. It is worthwhile to note here that because the lateral
servative friction force in the scan direction increases proporforces are very smalltypically nN) compared to the Euler
tionally with the contact aréavhereas the conservative lat- critical force of the cantilever<{k,L, typically 1 nN), in-
eral forces remain small due to the flattening effect. Indeedtability such as buckling is very unlikely to occur. Therefore
the lateral force and deflection perpendicular to the scan dithe remaining force and moment afe,=F, and M’
rection are negligible compared to the relatively large scan= Fyh. Under certain three-dimensional atomic forces, the
direction friction force and surface topography variations. Assmall tip deflections with respect to the free load equilibrium
a result, only the scan direction friction and the normal loadposition are given by
are often taken into account. However, for atomic-scale im-

NN

aging, the flattening effect becomes less significant and the 5y LKy 0 0 F,

lateral force perpendicular to the scan direction becomes _| s |_| 0 h2L/El 0 Fol=k-1F
. . YT y|=

comparable to the scan direction friction force. In other ) 3 E

words, forces and deflections in all three dimensions become z 0 hL%2El L*/3EI z

significant. Accordingly, the contribution from each compo- ®)

nent has to be fully represented in the AFM topographicalr F =K §, where
imaging model, as will be shown in the following sections.

kXX kxy kXZ k)()( O 0
IIl. CANTILEVER AND COUPLING MECHANISM K= kyx kyy kyZ =| 0 El/h%L 0
In an optical-beam-deflection AFM, the three-dimensional Ko Kzy Kyz 0 —3El/2hL? 3EI/L3
atom forces are sensed by a tip attached to a microfabricated (6)

cantilever as shown in Fig. 3. The tip attachment, in theyere the moment of inertiaand the Young's modulus are
previous atomic-scale force imaging studiés, has been  55sumed constant along the cantilever beam lehgfFhese
simply modeled as two or three uncoupled springs inxhe  assymptions are introduced for convenience of illustration.
y, andz directions. Although these models have been sucag g matter of fact, the validity of the model is insensitive to
cessfully used to reproduce the load and stiffness dependengss peam geometry. Notice that in E@), k,, is nonzero,

of the stick-slip phenomenon, etc., we believe it is too simpleyccounting for the vertical displacement of cantilever beam
to capture all the important aspects of the measurement sygqe to the moment loag.h.

tem. A coupling. between the Iat_eral force p.aralle.l to t.he can-  \when measuring the topography of the surface, the angu-
tilever (y direction and the vertical deflectiorz(direction |5r defection at the end of the cantilever is monitored and

needs to be taken into account. The effect of the laterakent constant by a feedback loop adjusting the sample verti-
forces due to the friction and the steep surface transition ig| position. The control law is therefore given by

the scan direction was calculated in previous stutfie¥
For atomic-scale imaging, since the lateral forces are two F,L2 F,hL
dimensional, the lateral force in the direction could be 0=>ert & ()
significant regardless of the scan direction. Its effect on to-
pographical imaging is made evident with a simple modewheredis set to be constant and can be written as an angular
derived below. deflection induced by a virtual vertical lo&dlthat is associ-

In this study, the deflections of the tip are measured withated with the set point during the scan:
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NL> F,L? F,hL AF,
= +
2El 2EI  EI’ AFS 0
M= AF h q
2h g
N=F,+F,— z

y
L y(_T v

In terms of the force variation, it becomes

2h AR __ —_
AF,=—1-AF,. (8) AF_(Z/ M Zh

Substituting the control law, E8), into the deflection equa-

tion (5) yields a residual linear vertical deflection /_\
0°| _——
0 =

L1, 1
A8,= 5| 3LAF + SLhAF,

A8,
L?h h AF, S ~~32

~
~ e

_ . o _ (a) (b)
For a single-atom tip, the variation of lateral force in the
longitudinal directionAF, and the normal loatl are on the FIG. 4. Load diagrams of the cantilever under the control law,
same order of magnitude and so are the deflection terrg. (8), are plotted in(@) and (b). The former shows the net loads
AF /kZZ and the vertical deflectioN/k,,. In contact-mode and deflections. The latter shows the loads and deflections due to
AFM imaging, a typical value of the absolute vertical deflec-AF; (solid line) and —AFyh (dashed ling Notation: concentrate
t|on Of the Cant"ever is tens Of nanometéfglland the geo_ |0ad.q Sheal’V momentM angular defleCtIOI’ﬂ and linear de-
metric ratio of the cantilever force sensulL is several hun-  flectioné.
dredths. That results in a residual linear deflection of several
angstroms, which is large compared to the corrugation of th&onsequently, an error is introduced. Another minor effect of
surface atom topography, typically at the subangstrom levethe control law is that the traced surface is no longer a con-
Even for a tip with multiple atoms in contact, where the stant vertical force surface but a surface satisfying,
lateral forces are much reduced as shown in Sec. II, data AFy(2h/L), which will be visualized in the next section.
from previous experimerftsindicate that the conservative  An additional point is that, in reality, a small inclination
component of the lateral force could still cause a residuagngle of the cantilevep also contributes to the stiffness
linear deflection comparable to the true topography corrugamatrix in Eq.(6). In that case, the same analysis can be done
tion. To see the dominant effect &fF,, we replacek,, by in a rotated coordinate frame with a change of basis:
kyy=k,L?/3h? andA &, by z,— (2, + N/k,,) in Eq. (9): then,

the measured height or the relative position of the tip holder X=X',
is given by
N L y=9' cospB+2' sing,
Zm Zt k 6h (10)

z=—Y'sinB+2' cosp,
Surprisingly, 5, is related toz,, by a large factor ofl./6h
(typically 5—-10. In other words, deflection in the longitudi- and a transformation matrix
nal direction appears to be amplified, showing up in the ver-
tical direction. Meanwhile, the variation o (the relative 1 0 0
position of the tip is close to the true topography corruga-

tion as will be shown in Sec. IV, andli/k,, is constant. S=| 0 cosB —sing|,

Clearly, the measured topography could be dominated,by 0 sing cosp
even if this lateral deflection is only a fraction of the true
topography corrugations£Az,). The stiffness matrix seen in the rotated coordinate frame is

We further illustrate this mechanism with the load dia-K=SK'S™™.
grams shown in Fig. 4. Under the control law, the scanner
drives _the net angular deflectu_itﬂ to zero while the Imear_ IV. SIMULATION AND EXPERIMENT
deflectionX§ is generally not simultaneously zero—there is
a residual linear deflection which has to be compensated by This section covers the simulation model and compares
the relative vertical movement of the tip hold@iewed in  the simulation results with the previous experimental data,
the coordinate frame fixed with respect to the scanriédre  followed by a discussion of atomic force symmetry on sur-
movement is then falsely added to the surface topographyace and AFM force sensor design issues.
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A. Simulation model and results

The equations of the coupling mechanism from Sec. 111 111
are implemented in a simulation code. In terms of the simu-
lation algorithm, the forces and the deflections of the tip can
be calculated statically with a Polak-Ribiere-type conjugate
gradient method as shown by Sasakial® or dynamically
solved from Newtonian equations of motion as shown by
Holscheret al1? We adopted a dynamic approach for its ver-
satility and simplicity. As a comparison with the previous
experimental data, we will show the simulation results ob-
tained by scanning a single-atom tip over a layer of graphite
substrate under a virtual constant vertical load of 0.2 nN.

A pair wise potential of Lennard-Jones form is assumed:

HRG

wherer; is the distance from the tip atom to the atom in the
graphite substrate and the parameters givenoar®.49 A

ande =0.87x 10 2 eV. This model and the parameters have
been used successfully to reproduce experimental résults.

6
: (11)

VtOt: EI 4e

Based on the cantilever model shown in E8), the dynam- (©) 6, (d) 4,
ics of the tip atom can be described with the following three- _ _ _ .
dimensional coupled differential equations: FIG. 5. Simulation resultsia) the measured “topography?,,,

(b) the actual tip traced surfa@g, (c) the deflection in the direc-

% ko, O 017y —x tion, &, and(d) the deflection in the direction, 8, . Clearly,z, is
~d e 7d quite different fromz,,, which is in fact dominated by, due to the
M| Va|l=| O kyy O ||YeVud coupling and application mechanism, as explained in Sec. I[(t)in
74 0 Ky Ky Zg—Z4 deflection in thex direction is a true measure of the lateral force in
the same direction because it is uncoupled. Simulation was per-
IV (Xq,Yd,Za)! IXq Xq formed with a virtual constant load of 0.2 nN; cantilever linear
—| IV(Xq,Yd,2a)!dyq|—C| Va!, (12) deflection~17 nm, and tip-cantilever dimensions dre-100 um
N(Xg,Yd,24)] 924 74 andh=3 um. When the scan speed is small enough and the tran-

sient effect dies out, the dynamic simulation gives identical results

where the subscripesandd refer to the equilibrium position regardless of the choice of the mass and damping value. However,
(which is stationary with respect to the tip holdend the various masses and damping coefficiéior example, single-atom
dynamic position of the tip, respectively, in the coordinatemass and arbitrary light dampinpave been tested merely to re-
frame that is fixed with respect to the scanner. The masguce the simulation time.
matrix and the damping matrix are in the form of a chosen
constant multiplied by a unit diagonal matrix, respectively,of the longitudinal direction lateral forceSince the longitu-
M=ml and C=cl. The components of both matrices are dinal direction lateral force has only one peak per hexagonal
assumed independent and equal in the three dimensiomsrbon ring, the “topography” images display a trigonal
whereas the other two terms, the partial derivative of thestructure, which were previously interpreted as images of the
potential and the stiffness matrig, as described in Sec. lll, type-B carbon atoms in numerous studies. The phase shift
introduce coupling. The simulation is conducted when the tibetween the “topography” peaks and the friction peaks in
scans are in the 90° direction @xis). The forces are calcu- the scan direction is thus interpreted as the phase shift be-
lated using Eq(12) and the tip holder height is constantly tween the peaks of the lateral force in the longitudinal direc-
adjusted so that the control law in E(B) is satisfied. As tion and that in the transverse directi@iso the scan direc-
predicted by Eq.10), we obtain a “topography” map as tion in this casg Both types of peaks are found between the
shown in Fig. %a), dominated by the amplified 0° direction center and the edge of the hexagonal ring, where the lateral
deflection(longitudinal direction as shown in Fig. &l). component of the potential gradient is maximal. With this

These simulated images agree well with the previous exeoncluded, it is straightforward, as shown in Fig. 6, to deter-
perimental resulfs' in terms of the triangular shape of the mine where the graphite atoms actually are in the “topogra-
“atom images” and the well-known puzzling feature of the phy” image or in the friction force image. Another interest-
“resolution of every other atom.” In particular, the images in ing agreement is that the corrugation amplitude of the
Figs. 5a) and Hc) precisely reproduce the simultaneously “topography” measured by Run and Bhushan was 0.2 nm
measured “topography” and the friction force map presentedvhich is much larger than the value from theoretical
by Run and BuhshahHowever, the peaks appearing in the calculatiot® and experiments of He scatteriffy~0.3 A.
“topography” map are interpreted here msither images of The above simulation reproduces both values, correspond-
“every other atom” nor that of any atom but as the maxima ing, respectively, to the variation af, and the variation of;
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6. 5 I I 1 nm

FIG. 7. Comparison of the traced lines from the three surfaces
(all surfaces are viewed in the coordinate frame fixed with respect
/\ “Topography” to the scanner (I) constant vertical force surface from Figag

(I) constant angular deflection surface from Figb)5 and (111)
D Friction in x direction tip-holder-traced surface from Fig(&.

0 Carbon atoms

, , . ) “resolution of every other atom.” Interestingly, this conjec-

FIG. 6. Schematic showing maxima in the simultaneously meay, e agrees very well with the experimental results of Marti,

sured “topography”(longitudinal direction lateral force ma@mnd Drake. and Hansnmiavhere such bright but thin hexagonal
friction with a background of the true topography and the carbonrings \;vere observed with a unique force sensor design. In
atoms(note that the A site and the B site are not distinguished in thetheir experiment, a sharp diamond tip with a height of 0 5

caleulatior). mm was used; stick-slip very likely occurred. However, the
tip was glued to sensing wires with both ends clamped in-
(approximately. The anomalously large corrugation is attrib- stead of a cantilever—which was a setup free of the residual
uted to the coupling and amplification mechanism describedeflection: therefore, the relatively weak signal of the hex-
by Eq. (10). agonal rings could be observed without being screened by
The results presented above explain the so-called “resathe dominating lateral force signal as shown in Fig. 5. The
lution of every other atom” issue in various aspects. In thesame was true for the setup used by Bineil.? a tipless
previous studies, several other possible explanations haghntilever monitored by an STM, except that the hexagonal
been proposed: brieflyl) the asymmetric atomic structure, carbon rings they observed were thicker, probably due to the
(2) tips with multiple contact atoni;*(3) a possible graph- higher lateral stiffness of the tipless cantilever. Not only
ite flake attached to the end of the fiand(4) the tip sticks  are these two cases consistent with an explanation based on
at the hollow sites and skips the carbon atom sites due to th@e residual linear deflection, but also they provided experi-
stick-slip movement? [For a detailed review ofl)—(3) see  mental proof that imaging the entire hexagonal structure is
Ref. 6] A difficulty these theories have in common is to possible in the absence of the residual linear deflection in-
explain why the “resolution of every other atom” occurs in duced by the two-dimensional lateral forces. In previous
some experiments whereas the entire hexagonal carbon rirgudies®!? the possible role of the two-dimensional lateral
was observed in others. Indeed, those successfybrces in topographical or lateral force imaging had been
observations® of the hexagonal ring tend to exclude the ex- brought to attention, but the discussions were focused on
planation based on the asymmetric atomic structure becausgeir influence on the movement of the tip—i.e., the tip-
if a significant force difference does exist inherently betweenraced surface. It is shown graphically in the following that a

the A sites and the B sites for some experiments, it shouléhore significant influence is on another traced surface, the
exist for all experiments. As a matter of fact, the theoreticakip-holder-traced surface.

caculation$®>~?*showed such a force difference is very small
and both types of atoms should be visible to the AFM tip.
Multiple-atom tips and attached graphite flakes are possible:
however, the corner of the cantilever used by Bineicl? The term “topography” has been referred to as the con-
should not be superior to a sharp tip in terms of avoidingstant vertical force surface which, unfortunately, is not the
these possibilities, yet the hexagonal carbon ring was seesne being detected in most cases. Instead, two other
with the former but not the latter. surfaces—namely, the constant angular deflection surface
Although the tip could stick at the hollow sites for most of (the tip-traced surfageand the measured “topographythe
the time during scanning, the sticking regions should be lowip-holder-traced  surface or inversed-scanner-traced
in height. On the other hand, the edge of the hexagonal casurfacg—are actually being traced, and the latter is the only
bon ring should lift the tip to higher positions although with one recorded by the instrument. With simulations, one could
a reduced “position probability density.” Therefore, the con- put all three surfaces into perspective at the same time. From
sequence of the stick-slip movement for topographical imageach of the above three surfaces, a trace line is taken at the
ing should be bright but thin hexagonal rings instead of thesame location and compared as shown in Fig. 7. Interest-

B. Three traced surfaces

245401-6



EFFECTS OF THREE-DIMENSIONAL ATOMIC FORCE. .. PHYSICAL REVIEW B 68, 245401 (2003

Ar
(b)
FIG. 8. (a) Calculated real constant vertical force surfdtrae
topography for F,=—0.2 nN. (b) Schematic showing that fast-

growing short-range repulsive force results in an increasingly large
force gradient.

FIG. 9. Friction force magband pass filtergdof NaCl (001
ingly, the difference between the constant vertical force sursurface shows the same lattice structure as would be shown by true
face and the constant angular deflection surface is negligibleonstant vertical force map. Image was obtained with Digital Instru-
despite the fact thatF,= AF(2h/L) could be considerably ment MultiMode AFM (Ref. 28 when scanning in the 90° direc-
large. A blessing is that, in the short-range repulsive forceion.
regime, by increasing the normal load, the amount of deflec-
tion it takes to accommodate a certain force variation is desurface of certain materials, the lateral force map pattern
creased as shown in Fig. 8. Therefore surfaces I and Il argould be the same as that of the true topography. An example
very close. Nevertheless, an enlarged view in Fig. 7 showg the NaCl(001) surface as shown in Fig. 9. The friction
how the longitudinal direction lateral force slightly alters the force map displays the same fcc lattice structure as would be
trace line of the tip depending on the sign of this force.seen if the true topographfor vertical force mapis cor-
However, the amplitude of the corrugation remains unafrectly measured or simulated. Therefore, fcc structure could
fected because the longitudinal direction force vanishes aje observed for a NaQD01) surface even if the image is
the points where the vertical force reaches its maxima andominated by lateral forces. For such surfaces, the atoms’
minima. These points of extremum are also on surface Illkgrce pattern appears to have a higher degree of symmetry
because the residual linear deflection which causes surfagghree dimensional Clearly, the same kind of symmetry
Il to deviate vanishes when the longitudinal direction forcedoes not hold for the graphite basal plane surface—the lat-
vanishes. Other than these points, surface lll, the measuregal force distributions show only three maxima per hexago-
“topography” and surface I, the tip-traced surface, generallynal ring?¢?” while the topography(or the vertical force
deviate from surface I, and the former could have a muchmap shows six>® However, it has to be pointed out that for
larger deviation, as shown in Fig. 7 and Eg0). those surfaces with three-dimensional symmetric atom force

Besides these three traced surfaces, there could be othgatterns, not all force images directly tell us the real atom
traced surfaces, depending on the design of the AFM. Angcations because of the phase shift between the vertical
example is given in Sec. IV D for AFM's with linear deflec- force maxima and the lateral force maxima and between the
tion directly sensed by STM's. In principle, the tip traced maxima of the two lateral forces as well. Therefore, the
surface is determined by the control law while the tip-holder-dominant force has to be identified before the real atom lo-
traced surface is the sum of the tip-traced surface and thgstions can be determined.
cantilever residual deflection.

D. Further discussions

C. Symmetry of atom force pattern on surface Microfabricated cantilevers are sensitive force sensors

A challenging question is that if the measured “topogra-with two degrees of deflection freedom which are bending
phy” surface is dominated by the residual cantilever deflec-and torsion, but the surface forces on the atomic scale are
tion in optical-beam-deflection AFM’s as shown above, whysignificant in all three dimensions. The torsion direction is
is it that “topography” images correctly representing the sur-well decoupled from the other two but bending is always
face lattice structure have been reported such as for NaClaffected by one or both lateral forces regardless of the can-
That could be explained in two ways. First, we noticed thattilever orientation and scan direction. In order to measure the
in some measurements, tipless cantilevers were ted;vertical force, the challenge is to decouple it from the longi-
therefore, the moment load due to the tip height vanishedudinal direction force. Unfortunately, this is not being ac-
However, that alone does not guarantee a zero residual deemplished by the constant optical-beam-deflection scheme
flection because the inevitable slight inclination of the canti-because of the nonzero residual linear deflectlof, as
lever also introduces coupling. Another interesting relevangiven in Eq.(9). As a matter of fact, if we trace back to the
observation is that taking a friction force measurement of theearly days of the AFM, the first design of the AFM should be
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free of this drawback because it directly drivé$, to zero  LFM could be designed for high sensitivities to the lateral
with a STM. In that case the control law is equivalent toforces, just as a cantilever parallel to the surface is designed
AF,=AF,3h/2L . Although it does not represent the sameto be most sensitive to the normal force.

surface asAF,=0 does, the difference can be well ne-

glected, similar to the case shown in Fig. 8. However, in that V. CONCLUSIONS

design, since the STM is used to monitor the elastic defor-

mation of a cantilever, the imaging might be affected by the In this paper we emphasize the three-dimensional nature
SO ' ging mig 0 DY €t the atomic forces and the induced AFM tip deflections. A
limitations of the STM. For example, in most STM images,

onlv one maximum is observed per unit araphite unitSimpIe model is introduced to describe a coupling and am-
y29_32 L P grap ... plification mechanism in an optical-beam-deflection AFM
cell. Similar images were observed for some of AFM’s

using STM's to monitor the deflectiof. Different from the due to the two-dimensional lateral forces that become sig-

cantilever approach, a unique designthe early days of the nificant on the atomic scale. It is shown that although the
AFM had successfully decoupled the vertical and Iongitudi-d'ﬁereme between the true topograitye constant vertical

nal directions by fixing both ends of the tip SUDDOI WiIres force surfacgand the tip-traced surfagéhe constant angular

. e 9 o P Supp » . deflection surfaceis generally subtle, the difference between
With that design, although the setup is “relatively crude Sy e surfaces and the measured “topographiyie tip-
the author commented, they were able to observe the he>ﬁolder-traced surface or inversed-scanner-traced surface

?hgeogip:lr?i?e?&aageraopt?tg?nggltb;egfnmg ;(Iarf l\jxllgtaog?glz rS;wth be signifiqant due to a .residual Iin_ear deflection. As a result,

cantilever monitored by a STM provideé an experimentaw3 could interpret prewou_sly obtained "topography” images

basis on which we could be optimistic about obtaining true ith the so called “resolution of every other atom” as maps
f the lateral force in the longitudinal direction; the true lo-

atom images once _the coup_lln_g m_echamsm ISSUE 1S reSOIVegations of the atoms with respect to the apparent peaks can
To resolve this issue, eliminating the residual linear de-

flection is the key. It would be an elegant solution if the be determined. This interpretation can explain not only why

moment of inertia of the cantilever beam can be carefull fhe *resolution of every other atom” was observed in some
designed so that the vertical deflections induced by the veyr(?Xperiments but also why the entire hexagonal ring was ob-
1esig y served in others. We further clarify with experiment that cer-
tical force and the moment can be canceled out at the sany

time when the anaular deflection is driven to zero. However &in surfaces have similar force patterns in all three dimen-
9 : - sions such as Na@001) while others have less symmetry in

%he atom forces such as the basal plane of graphite. For the

eformer, caution has to be taken in interpreting which force is

residual "”‘?af Qeflecnon can be reducgd by designing th?esponsible for the apparent peaks and in turn where the
moment of inertia to vary along the cantilever length. Other

resolutions could be direct control of the vertical linear de_atoms actually are W'?h respect to the apparent peaks._ Fi-
. e . nally, a few possible directions of resolving the residual lin-

flection or fixing the other end of the cantilever as was doneear deflection issue are discussed

in the early AFM designs. In that case, detection of the ver- '

tical deflection and maintaining the sensitivity of the sensor ACKNOWLEDGMENTS
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