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Ab initio pseudopotential total energy techniques are used to investigate the tip-surface interaction in atomic
force microscopy on a GaAkl0 surface with a Si tip. Our simulations show significant surface relaxation
effects in the near contact region, which lead to a complicated behavior of the total energy and force curves.
In particular, the tip-induced displacement of the Ga atoms can exceed 1 A even in the attractive force region,
leading to hysteresis in the energy and force curves. These large tip-induced relaxations of the surface Ga
atoms provide a natural explanation to the simultaneous imaging of both anions and cations in recent near-
contact scanning tunneling microscopy experiments on this surface. We show that, for tip-surface distances
where the surface topography remains unchanged and for a charge neutral Si tip, only the anion sublattice can
be resolved in noncontact atomic force microscopy. Close to contact, our simulations prove that, even for
atomically sharp tip$l) there is a significant contribution to the total interaction from tip atoms different from
the apex atom(2) large lateralbonding forces on the tip apex may develop and change the tip structure well
before significant normal repulsive forces app¢&0163-18209)09939-1

I. INTRODUCTION In the frequency shift mode the tip oscillates with its
eigen-frequencyw and moves in and out of the interaction
The atomic force microscop@\FM) was developed as a region during each oscillation cycle. Due to the tip-surface
technique for obtaining atomic-scale images of both conducinteraction, the new eigenfrequency is modifiedAw from
tors and insulators. In its constant force mode the surfacghe original eigenfrequency,. Aw is generally related to
structure is determined by measuring the variation of the tiRhe energy(E) and force(F) of the tip-surface interaction.
height, which yields a constarftepulsive force as the tip  For the sake of convenience, here the quantity to which the
scans across the surface. _ _ AQ is proportional is denoted bY(E,F). Therefore, a scan
Compared with the scanning tunneling microsct&M) i o constanth w will give an image that is a map of a

e e e o s s S CCTSENC Preiously, 1 was thought that the quanis
P P, y should be the force gradient, and therefore an AFM image

ture. However, in the constant force mode in most experi- . g
ments on compound semiconductor surfaces such & ould be a map of the constant force gradient. Although this

GaA<110.! INP(110 2 InAs(110), and ZnS&110 2 neither  coNcept has been adopted broadly in recent literdttifat _
atomic defects nor adsorbates were observed, while they afipes not h_ave a SOl_Jn_d t_)a5|s. Very re_cently, a careful numeri-
routinely observed with STM. The possible origin is thoughtC@l analysis of a Si tip interacting with the($11) surface
to be the damage in the tip and in the substrate caused by tifgowed that the quantit¢ is not the force gradient but is, to
large repulsive forceé~ several nl, although very little is~ @ good approximation, the geometric mean of the force and
actually known about the details of such processes. the potential enerdy for typical experimental condi-
The lack of true atomic resolution in the usual contacttions**3
mode AFM has been solved by the use of dynamic force The physical origin of the contrast observed in these non-
microscopy and a new operation mode, the frequency shiftontact AFM images is far from clearly understood. For ex-
mode, probing the attractive force region. Recently Giedsibl,ample, the contrast of the AFM image of Si(111)7 sur-
Kitamura and Iwatsuki, and Ueyamaet al® have demon- face does not seem to reflect the real topography of the
strated that the AFM operating in this mode can give truesurface and is affected remarkably by the tip materaf®
atomic resolution. The non-contact AFM images have also been carried out for
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INP(110), GaAg110), and InA$110 surface$:'%1"but usu- ® Bp_ A o -
ally the two sublattices could not be resolved in the images.
All these questions are very closely related to the character- orientation A { orientation B

istics of the tip-surface interaction and the relaxation effects \\
taking place both at the tip and the surface, which have not
been well characterized so far. Theoretical simulations pro- y
vide an effective tool to address the aforementioned ques- o) SN A ™ Vo I > 70 c’
tions. :

In this paper, we report systemat initio calculations
of the tip-surface interaction between a Si tip and a : :
GaAg110 surface. This surface has distinctive features, 5 As
which make its imaging much more challenging than the : :
case of the Si(111)-X 7 reconstruction, where most of the
experiments were done so far. THel0) surface of the II-V
compounds retains thexil symmetry of the ideal surface,  FIG. 1. Top view of the supercell usednrelaxed. The white
but the two atoms in the unit cell undergo important re|ax__circles correspond to the As atoms_ an_d the black ones to Ga. The tip
ations in the direction normal to the surface: The group-V'S represented by four_hatched solid circles, the_H atqms attached on
atom(anion moves outwards, while the Ill-group atofTat- the bas.e layer of the tip are not Sho‘.’vn' Two Or'emat'dm'('d B)
ion) moves inwards. The driving mechanism for this atomicOf the tip are consndellr‘ed”when the tip scans vz_ertlcally on top of the

. . o As atom denoted by “1.” The paths along which the tip performs

rearrangement is that it aII_ows the (_:atl(;amlo_r‘) surf_ace a_lt- lateral scans are denoted by the dotted lines.
oms to adopt &p?-like (p-like) bonding configuration with
its three neighbors, close to the plarjpyramida) configu- [l. COMPUTATIONAL DETAILS

ration of the GaH and Asll—g molecqles, that onvers the total We have considered a supercell that contains a Gels
energy of the system. Th|s relaxation has an |mp_0rtant effectiap and a Si tip. The slab has &3 in-plane size and

on the electronic levels in the energy gap, pushing the dansgnsists of seven layers in the normal direction. We consider
gling bond related states of the anion towards the valencg tip, which consists of four Si atoms with the three base Si
band and making them to be doubly occupied, and the onegoms saturated by nine H atoms. Such a tip was first used by
related to the cation to the conduction band, leaving thenpgez et al®° They showed that the saturation of the dan-
empty. Furthermore, the relaxation decreases the stability @fling bonds on the Si atoms on the tip base changes the
the surface atoms towards relaxations induced by danglingaybridization of the apex atom, leaving one dangling bond
bond-type interactions between the tip and the surface conpointing from the apex atom towards the surface. They also
pared with the situation for the adatoms/rest atoms on theompared the total energy and forces obtained with a 4-Si-
Si(111)-7x 7 reconstructed surface. Hence, we expect th@tom and a 10-Si-atom tip having otherwise the same tetra-
tip-induced surface relaxation effects to be much more imhedral structure and showed that the interaction is dominated
portant on theg110 surface. On the other hand, as the sur-by the apex dangling bond. Hence, the use of the 4-Si-atom
face retains the % 1 periodicity, the lateral distance between tip for the purpose of this paper is justified.

surface atoms is much smaller than in the case of the ada- The relaxed geometries were obtained by switching on the
toms on the K7, which favors the presence of multiple interaction between a separately relaxed surface and tip

bonding interactions between the atoms on the tip and th&tructure and relaxing the interacting system. The compari-

surface in the near contact regime, even for sharp tips such %%m of t%urt rtﬁla)fd sturface with the |d§al Squ‘;fe étruc;[ure
those considered here. shows that the As atoms move upwards and the Ga atoms

In this paper, we focus our attention on two questionsmo.Ve downvyargls, leading to a surface_ buckiing of 0.70 A,
. : o . This value is in good agreement with other theoretical
First, we characterize the tip-induced relaxation effects tak- . 9 . .
: . alculationst® The separation between the tip base and the
N9 place_ when we approach the tip and the surface, an ther surface of the slab is kept larger than 12.1 A. The total
analyze its consequences for the total energy and forcaZe of the supercell, which contains 97 atoms1&0 A
curves, whose shape deviates significantly from the resultg 11.3 Ax32.0 A (equivalent to about 200 bulk atojns
Obta'”edlo'” the theoretical study of the Si(11LY5  thg top and side views of the supercell are shown in Figs. 1
surface? Secondly, we discuss the conditions for the si-anq 2, respectively. In order to explore the effect of multiple
multaneous imaging by noncontact AFM of both the anionponging interactions among the atoms in the tip and the sur-
and cation sublattices on the surface. The large tip-induceghce, two different orientations of the tip with respect to the
relaxation effects found in our simulations also provide asymmetry directions of the surface unit cell, shown in Fig. 1,
natural explanation for some recent near-contact STM exhave been considered.
periments on GaA410 surfaces, where both the anions and The energies and atomic forces were calculated in the
cations were simultaneously imaged. The present paper fsamework of density-functional theory in its plane-wave
complementary to the paper by Hi@ etal’® on the pseudopotential formulatiocf. In all the calculations the
InP(110) surface. We show that, in spite similarities betweenelectronic orbitals were expanded at figoint of the Bril-
the experimental AFM images of the two surfaces, the polouin zone with a cutoff energy of 9 Ry. Optimized
tential energy surface sampled by the Si tip on the two surTroullier-Martins-type pseudopotentials were used for the
faces exhibits striking differences in the near surface regionatomic cores and the PW91 verstoof generalized gradient

B A Ga
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FIG. 2. (Color) Ball-and-stick model of the atomic structure of the system for certain tip positions in the displacement curves. The first
row corresponds to the case where the(tipmolecule, see texis on top of As atoms, and the second row corresponds to the case where
the tip is on top of a Ga atonfa) The atomic structure for the poiftin Fig. 3(@), at which the As atom relaxes downwards), fully relaxed
structure for a free Sifimolecule adsorbed on an As atof(o) two-bond interaction between the tip and the surface, corresponding to point
B in Fig. 3(@); (d) the Ga atom jumps up to form a chemical bond with the tip apex, corresponding tapirfig. 3(c); (e) the Ga atom
moves together with the tip apex just before it jumps back to its original position, corresponding t& jpoiigs. 3c) and 3d); (f) the tip
is broken by the lateral force, corresponding to p@nin Figs. 3c) and 3d).

approximation was adopted for the exchange and correlatiomnd the topmost surface atqrs atoms. At each step of the
Generally speaking, for the H atom a higher cutoff energy isscans the atoms of the first three layers of the slab and the tip
required to achieve good convergence. However, here thapex atom were allowed to relax to their equilibrium posi-
role of the H atoms is merely to saturate the dangling bondgons for the particular tip position. Because the motion of
in the tip base, and for this purpose the present value ofhe AFM tip is much slower than the atomic process on the
cutoff energy can be expected to be reasonable. The convesurface, this kind of simulation can be expected to provide an
gence criteria were set to geV/atom for the total energy accurate description of the imaging process.
and 15 meV/A for the forces on the atoms.

The operation of the AFM in the lateral scanning mode Ill. RESULTS AND DISCUSSIONS
was simulated in a stepwise, quasistatic manner by making
small movements of the tip parallel to the surface along
A-A’, B-B’, andC-C’ lines (see Fig. 1 at several constant In Fig. 3, we show the energy and force curves as a func-
tip-surface distances. In the same way, the vertical scannintjpn of the tip-surface distance. The comparison of the results
mode was simulated by moving the tip perpendicularly to theor the scans where both the tip and the surface relax freely
surface. We considered vertical scans over a Ga atom anglith those where no relaxation was allowedl the atoms in
over an As aton{see Fig. 1 Here, the tip-surface distance the slab and in the tip are kept fixed at the required tip-
(d) is defined as the unrelaxédue to the tip-surface inter- surface distangehighlights the importance of the relaxation
action vertical distance between the apex Si atom on the tipeffects in this system. In the next two subsections, we dis-

A. Displacement curves
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cuss the origin of the complicated shape of those curves ipart we give the atomic structure corresponding to pBiof
the near contact region in terms of normal displacements dfig. 3(a) in Fig. 2(c). It is clear that the lower energy in this

the tip apex and the surface atoms. part is due to an additional bond interactidoetween atoms
2 and 3 in Fig. 1 The present result indicates that even for
1. On top of an As atom an ideal(very sharp AFM tip there can be more than one

bond interaction between the tip and the surface in the near
Tontact region, and this multibond interaction is not only

related to the tip shape but also related to the tip orientation.
In Fig. 3(b), we can see that the tip-surface interactions men-

region [see Fig. &)]. In part | (d>25 A) the tip apex ionad ahove induce a complicated force behavior in the near
relaxes downwards and the As atom relaxes upwards 3§ iact region.

shown in Fig. 4a). This lowers the energy compared to the
unrelaxed condition. As the tip-surface distance is reduced to
about 2.5 A the Si apex atom and the As atom return to their
original positions. In part Il (2 Ad<2.5 A), asd is fur- When the tip is on top of a Ga atom the energy and force
ther reduced, the relaxation of the Si apex atom and the Asurves shown in Figs.(8) and 3d) are characterized by two
atom are reversefkee Fig. 4a)], and the total energy de- discontinuities, the jumps); and J,. J; occurs atd
creases compared to part |. To give a clearer picture we show 3.3 A as the tip approaches the surface, apdccurs at
in Fig. 2(a) the atomic structure for poink of Fig. 3@). This  d~5.1 A as the tip moves away from the surface. From the
behavior is somewhat surprising at the first glance becausgisplacement curve of the Ga atom in Figby¥ we can find
the upward displacement of the tip apex and the downwarthat the two discontinuities are due to the jumps in the move-
displacement of the As atom means a repulsive force, anthent of the Ga atom in the normal direction.
hence the energy in part Il should be higher than in part I. We first analyze the origin of thd, jump. The atomic
However, this behavior can be understood by considering thstructure for the point just aftef;, namely theD point in
surface relaxation effect. Once the dangling bond of the surFigs. 3c) and 3d), is shown in Fig. 2d). The Ga atom is
face As atom is saturated by the tip apex Si atom, the Asensitive to the presence of the tip and when the tip is close
atom tends to returfmoves downwardsto its original bulk  enough to the surface the Ga atom will jump up to form a
position. In order to confirm this point, we have further cal-chemical bond with the apex Si atofsee Fig. 4b): the
culated the absorption of a free Sikinolecule on the As change in the Ga-Si distance before and after the juifipe
atom. The result is given in Fig(1), which shows the same normal displacement of the Ga atom induced by the tip in
downward movement of the As atom after its dangling boncthis case can be as large as 1.1 A.
being saturated. To provide a supplementary understanding of this jump,
Further approach of the surface by the tip in orientaion we have calculated the energy change as the surface Ga atom
is characterized by part Il of Fig.(8 where the energy in the pure surface system is moved artificially in the normal
shows a further decrease. To show the characteristics of thitirection by 1.1 A. The change in the energy is about 1.2 eV.

When the tip is on top of an As atom the energy curve ca
be divided into three part$, I, and Ill) for orientationA and
two parts(l and Il) for orientationB in the attractive force

2. On top of a Ga atom
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FIG. 5. Total energy variation as the Ga atom in the system
corresponding to the M point in Fig(& is moved artificially from
one energy minimum to another in the normal direction. The barrier

6k between the two minima is shown to be 0.31 eV.
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barrier should reach its maximum near tepoint. In order
to estimate the barrier at th point, we have calculated the
total energy variation as the Ga atom is moved artificially
from one energy minimum to another in the normal direc-
tion. The result is shown in Fig. 5. The large barriér31
eV) shown in Fig. 5 indicates that at room temperature the
hysteresis should not disappear completely, and the Ga at-
oms could not be observed for larger tip-surface distances
(see also the discussion in Sec. IIl.B

As the tip approaches the surface and enters the repulsive

Tip-surface distance (A)

force region(contact regioh we obtain an abnormal point

(Q) in the energy and force curves of FiggcBand 3d).
FIG. 4. Calculated normal displacements of the tip apex and thérom the atomic structure at this po[isee Fig. )] one can
As atom (or the Ga atom which interacts with the tip, and the clearly see that, due to the large lateral force acting on the
distance between the tip apex and the atom interacting with it, as apex atom, one of the Si-Si bonds of the apex atom has been

function of the tip-surface distancé) The tip is on top of an As
atom; (b) the tip is on top of a Ga atom. The two jumps of the Ga
atom are denoted by; andJ, as in Figs. &) and 3d).

Since the typical energy of covalent bonds is about 2 eV or
more, this jump is therefore understandable from the point of
view of energy minimization. After thd, jump, as the tip
moves away from the surface the Ga atom will move to-
gether with the apex Si atom by up t01.8 A before it
jumps back to its original positionJ§ jump). This distance
can be seen directly in Fig.(d) as the distance along the
horizontal axis between th# andJ,. The atomic structure
for the point just beford,, namely pointE in Figs. 3c) and
3(d), is shown in Fig. 2e). As a result of the behavior of the
Ga atom, the energy and the force curves show clear hyster-
esis in Figs. &) and 3d).

Physically, this hysteretic behavior is due to two energy
minima for the Ga atom in the normal direction. For the
D-M part in Fig. 3c) the energy minimum near the tip apex
is deeper than the one near the surface, and fomMtke part

FIG. 6. Charge density in the plarl A above the unperturbed

surface for the electronic states with energy in the energy range

the situation is reversed. We note that the present behavior {8—1) eV below the Fermi level. Note that only the sites of the As
a zero temperature result. At finite temperatures, because afoms are visible.
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broken. The reason for this is the bonding between the apethe Fermi level and occupied, and the ones related to the
atom and the surface As atoms that are nearest neighbors edition are empty. Under the usual STM operation conditions,
the Ga atom just below the tip. It should be noted that in thevhere the tip-surface gap spacing is around 7 Ape can
present case we are using a tip containing only four Si atomgnage either the filled dangling bonds of the surface As at-
and that only the Si apex atom is allowed to relax. In agms or the empty dangling bonds of the Ga atoms by varying
simulation with a larger tip or under real experimental con-the sample polarity from negative to positive bfAsSTM
ditions, these large lateral forces could be accommodated fyhages in this conventional mode show only one of the two
inducing some elastic distortions in the tip structure, preventsyplattices on the surface for each voltage polarity, and can
ing breaking of the bond at this stage of the process. Oupe explained by the Tersoff-Hamann the6tyn Fig. 6, we
own experience with other tips and surfaces tends to indicatshow the charge density corresponding to the electronic
that, although some elastic distortions occur in larger tip theytates in the energy rangé—1) eV below the Fermi level in
do not preclude breaking of the tip apEXThe importance of  the plane 1 A above the surface. It can be seen that only the
this result lays in the fact that large latefabnding forces  As atoms are visible, just as experimentally observed.
can develop and significantly affect the structure of the tip  Recently, Heinrichet al. reported a STM study of
well before the large repulsive normal forces appear. Up t@GGaAg110) surface adopting a new imaging moden this
now, this was the accepted signature of the beginning ofew mode, a low-sample voltage 0.75 eV} was used, and,
contact and possible tip and surface damage. in order to keep the current as large as that in the conven-
) tional STM mode, the width of the tunneling gap has to be
3. Relevance to recent STM observations on GaAs(110) surface yoreased drastically to 2-3 A. At this small gap spacing
The large tip-induced normal displacements of the surfac¢hey found that both the As and Ga atoms become visible in
Ga atoms at small tip-surface distances provides a naturdthe image at one sample voltage. It has to be noticed that the
explanation to some recent near-contact STM observation®easured vertical tip positions at the Ga and As derived
on GaA$110) surface$?? maxima in this near contact imaging mode are approximately
As mentioned previously, on the GaA40) 1x 1 relaxed  equal, differing by only about 0.1 A on average, and that the
surface the dangling-bond-related states of the anion are neabserved effects were reversible and not artifacts related to



PRB 60 FIRST-PRINCIPLES INVESTIGATION OF TIP. .. 11 637

18 measurement using the new mode, and that the almost equal
heights of the surface atoms in our simulations are in good
(a) agreement with the experimental result.

B. Lateral scans

In Fig. 7, we show the calculated energy and force varia-
tions in the lateral scans along tiieA’, B-B’, and C-C’
lines. As is well known, the tip-surface force in AFM in-
cludes a short range force of chemical bond origin and a long
range Van der WaalevdW) force if other additional forces
such as electrostatic forces and magnetic forces are absent.
As demonstrated by Pez et al,>!it is the chemical-bond-
like force that provides the true atomic resolution. As men-
tioned in the Introduction, in the frequency shift AFM under
typical experimental condition$'® the quantity detected is
approximately the geometric mean of the potential energy
and the forcé! Because in lateral scans the variations of the

Height (A)

18 force and the energy generally have the same tfeed Fig.

7), the energy or the force distribution in the lateral scans
7 (b) obtained from the theoretical calculation can therefore quali-
16 tatively reflect the real AFM image.

Along A-A’ line we have performed lateral scans for
three tip-surface distances, shown in Fig&) and 7b). It
can be seen clearly that the tip-surface interaction becomes
stronger as the tip-surface distance is reduced. For the tip-
surface distance of 4.91 A the variation range of the energy
and the normal force are only 0.016 eV and 0.06 nN, respec-
tively. Hence, for tip-surface distances larger thah A it
will be difficult to obtain experimentally a clear signal. As
104 the tip-surface distance is reduced from 4.91 to 3.62 A, the
signals from both energy and normal force is enhanced by a
9 @ @ factor of about 100. This behavior originates from the short-
NVEa\wi! : WAa\wi . range chemical bond interaction. Note that in Fi¢h)7the
A A normal force maxima shift slightly in the direction &
— A’ along with increase of the tip-surface distarisee the
FIG. 8. The charge density in the plane through &’ line  dotted line in the figure This is a clear signal of the orien-
(see Fig. 1 and perpendicular to the surface of the unperturbedtation of the As dangling bond. To show the picture more
surface system(a) total; (b) for states with the energy in the win- clearly we give in Fig. 8 the charge density in the plane
dow (0-1) eV below the Fermi level. Notice the orientation of the through theA-A’ line and perpendicular to the surface. Fig-
dangling bond on surface As atoms showr(li ure 8a) shows the total charge density distribution. Since the
energy of dangling bonds is generally close to the Fermi
level, we show in Fig. &) the charge density in the energy
spontaneous changes of the tip structure. range(0-1) eV below the Fermi energy, where the orienta-
It is obvious that this behavior cannot be understood justion of the dangling bond can be clearly visible.
by considering the charge density of the electronic states of When the tip scans along thi& B’ line, only the As at-
the unperturbed surface. At these near-contact distances tbens can be detected in the energy distribufeee Fig. 7c)].
tip apex is really probing the short-range chemical interacin the force distribution the situation is the same for the
tions with the surface atoms and as a result important relaxip-surface distance around 4.15 A. However, when the tip-
ation effects both in the tip and surface take place. Thessurface distance is reduced to around 3.62 A, in addition to
tip-induced relaxation effects change significantly the electhe As atoms, the Ga atoms can be barely distinguished. On
tronic properties of the surface —in particular, the nature andhe other hand, when the tip scans along@€’ line, sites
localization of the states around the semiconductor gap—having the strongest signal are those of As atoms and the
and provide a reasonable explanation to the experimentaites having the weakest signal are those of Ga atoms both in
images. In fact, the authors in Ref. 22 already suggested thathe energy and force curve. Hence, we conclude that, overall
provided that the tip formed site-dependent chemical bondthe Ga atoms will be “hidden” by the As atoms and only the
with the surface atoms, these localized states will dominaté&s atoms will be visible in the image if the jump of Ga
the tunneling current. The present results, showing the tipatoms does not occinamely the surface topography is kept
induced jump of the surface Ga atom to bond to the apexinchangey This finding is consistent with the experiméfit.
atom, provide a direct evidence for such a process. Note tha@ similar result was also obtained in tlad initio calculation
the tip-surface distance required for the Ga jump obtained ifior InP(110)-Si-tip system® which showed that only the P
our calculation(3.3 A) is consistent with that in the STM sublattice is visible.

Height (A)
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We point out that the present result indicating that onlypresent result of the tip-induced Ga atom jump also provides
As atoms would be visible in the image, was obtained with aa natural explanation to some recent STM observation on
charge neutral Si tip. In this case the different charge stateGaAg110) surface. This jump is absent on the related
of the Ga and As atoms are not strongly reflected in thenP(110) surface'® which appears to be more rigid to the
energy and the force distributions of the lateral scans. Isilicon tip. This difference causes marked differences in the
seems possible that, if we use a negatively charged Si tip, thdisplacements curves in the near contact region. We believe
signal for the Ga atoms is enhanced and that for the As atontbat the similarity between the experimental images of the
is weakened due to the additional strong Coulomb interactwo surfaces is caused by the fact that they have been col-
tion. Under this condition both Ga and As atoms on thelected at distances further away from the surfa@.The
surface may appear in the image. In fact, the very recenpresent calculation shows that even for a very sharp tip there
noncontact AFM study on InA&10) surfacé’ showed that, can be more than one bond interaction between the tip and
under certain experimental conditions, both As and In siteshe surface in the near contact regidB) In spite of the
are visible in the image. This was attributédo the addi- complexities the image with real atomic resolution can be
tional electrostatic interaction between the tip and the surebtained by noncontact AFM if the nearest tip-surface dis-
face. This suggests that further theoretical and experimentance can be controlled to be within 3.5-5.0(A) It seems
work is required to fully understand the consequences ofhat only the anion sublattice on the 11€V10) surface®

using charged or highly polarized tips. can be imaged by the non-contact AFM with a charge neutral
Si tip in the case that the surface topography is kept un-
IV. SUMMARY changed.(5) In the contact region we find situations with

] o ] ) large lateral forces on the tip apex which may change the tip
Using ab initio pseudopotential total energy techniquesgiycture.

we have investigated the tip-surface interaction in AFM for a
Si tip scanning vertically and laterally the GaA&0 sur-
face. From the present calculations, we can reach the follow-
ing conclusions:(1) The present calculation provides evi-
dence that the effect of surface relaxation induced by the The present work was partly supported by NEDO. R.P.
AFM tip can be significant for some surfaces. As a result, theacknowledges financial support from the CIC{8pain un-
tip-surface force behavior in the near contact region can bder Contract No. PB97-0028. |.S. thanks JRCAT and the
complicated and strongly affected by the tip structure. TheAngstrom Technology Partnership for support.
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