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Total-energy pseudopotential calculations are used to study the imaging process in noncontact atomic-force
microscopy on $iL11) surfaces. At the distance of closest approach between the tip and the surface, there is an
onset of covalent chemical bonding between the dangling bonds of the tip and the surface. Displacement curves
and lateral scans on the surface show that this interaction energy and force are comparable to the macroscopic
Van der Waals interaction. However, the covalent interaction completely dominates the force gradients probed
in the experiments. Hence, this covalent interaction is responsible for the atomic resolution obtained on
reactive surfaces and it should play a role in improving the resolution in other systems. Our results provide a
clear understanding of a number of issues sucti)abe experimental difficulty in achieving stable operation,

(i) the quality of the images obtained in different experiments and the role of tip preparatiofis Jaretently
observed discontinuities in the force gradient cur{8€163-182@08)08336-3

[. INTRODUCTION cycle. In its original version, thérequency shift modehe
frequency of a tip oscillating at its eigenfrequeney is
The atomic force microscop€¢AFM) has developed as a modified by an amoum w, as a result of the change of the
tool which allows routine investigation of surface structureseffective cantilever spring constaktby Ak due to the tip-
by probing the spatial variations of the forces between a tiggample interactionAk is equal to the gradient of the force
and a surface. In its usual mode of operation, thastant ~between the tip and the surfacéR;p.sampid/92, and Ak
force modethe surface structure is determined by measuring@ndAw are related by
the variation of the tip height which yields a constant force A Ak
as the tip scans across the surface. Unlike the scanning tun- fe 2t (1)
neling microscop€STM), where the images reflect the elec- w k

tronic band structure around the Fermi level, the atomic tipHence, in this mode of operation the experiments probe the
surface forces probed by AFM are, at least in principle, morggrce gradients and a scan at a constaatgenerates a map
directly related to the surface atomic structure and hencef 3 constant average force gradient. This technique was suc-
should also be simpler to interpret. However, experimentatessfully used to image a number of reactive semiconductor
problems with controlling the repulsive forces at the apexsurfaces. Typically, these experiments use stiffer cantilevers
atom resulting from the long-range attractive forces acting ~15-50 N/m than those used in contact mode experiments
on the tip as well as the interpretation of the complex naturé<1 N/m) with tips of radius<150 A etched from Si with

of the surface-tip forces have made the progress in AFM ofhe estimated closest approach to the surface 5f A and

well characterized surfaces in ultrahigh vacuum unexpectthe attractive force, at that point; —0.15 nN? For ex-
edly slow. In particular, images taken in tltentact mode ample, on Si(111)-X7 a clear image of the unit cell with
rarely show individual surface defects, which are routinelyits twelve adatoms has been obtaif€dn Si(001)-2< 1 the
observed with STM, which raises the question of whether théndividual dimer atoms as well as arg Step and even the

AFM is really capable of atomic resolution. A,B,C defects could be resolvédas was the atomic struc-
Only recently have GiessiBlKitamura and Iwatsuki, ture of the InP(110)-k 1 surface’
and Ueyamat al* demonstrated thatoncontactAFMs op- Force gradient detection has also been combined with

erating in the attractive regime on reactive surfaces coulgtandard STM measuremed$Simultaneous measurements
produce true atomic resolution. These experiments used asf the resonance frequency shift of the cantilever and the
alternative ac mode of imaging to reduce the effect of themean tunneling current from the tip showed that stable im-
long-range attractive forces. In this mode the tip moves imaging with true atomic resolution is only possible over a
and out of the interaction region during each oscillationrestricted range of tip-sample distances. Using the averaged
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tunnel current instead of the average force gradient as thiances as large as5 A, that was the estimated distance of
feedback parameter, stable operation was achieved arafosest approach in the earlier experiments, this interaction
atomic images of the Si(111)>/7 reconstruction in the vi- generates forces that are of comparable magnitude to the
cinity of a monoatomic step were obtained. VdW tip-surface interaction but, more importantly, this co-
This technique was later modified by allowing for oscil- valent chemical interaction dominates the force gradients
lation amplitude dampingvhen the tip comes in close prox- probed in noncontact AFM. Hence, it is this interaction that
imity to the surfacé=! This technique provided very clear provides a mechanism for atomic resolution imaging of re-
images of the Si(111)-X7 surface, of quality comparable active surfaces.
to that of an STM image, showing differences between in- In the present work, extensive simulations are used to
equivalent adatoms. The observed contrast, however, variedmpletely characterize that covalent interaction for the case
between different experiments: the center adatoms appeaf the Si(111)-7X7 reconstruction, the system for which
0.13 A higher than the corner adatoms in Ref. 9, where anost of the experiments have been done. These simulations
metallic tip was used, while in Refs. 10 and 11, using a Sinclude displacement curves over several relevant points of
tip, the contrast is reversed, with the corner adatoms appeaghe unit cell and lateral scans at a constant heigj5tA over
ing higher than the center adatoms. _ a large area of the surface unit cell. We present a detailed
It has also been demonstrated that the jump to contacly,qgy of the variation of the force and the force gradients as
may be avoided by applying a feedback control and then thg ¢,nction of the tip-surface distance on the different ada-
tlp-surface forces and energies as a funct!on of tip-surfac, 15 and rest atoms. These results confirm that only the
distance can be mapped out using a technique that could t%‘Ia’lort—range chemical interaction is able to provide a varia-

called AFM spectrqscopirz . . tion of the force gradient across the surface that is large
All of the experiments outlined above raise a number of . . )
?_nough to achieve atomic resolution. They also show the

guestions, such as the detailed nature of the surface-tip inte . . .
action at the distance of closest approdektimated to be important role of the relaxation of the atoms in the tip and
the surface under the forces present. This atomic relaxation is

~5 A, (Ref. 2], which only theory can address. In particu- i _ .
lar, very little is known about the mechanism that providesresPonSIbIe for the difference between the tip apex-surface

atomic resolution in these experiments or about the varia@lom distance and the tip displacement, which is the quantity
tions between images taken under different experimenta@cces'me to the experiments. This difference has to be taken
conditions or even between different parts of the same iminto account in the interpretation of AFM scans and also
age. To address some of these questions we have perform&dM data. Special attention is paid to the possible accurate
an extensive theoretical study of the tip-surface interactiongparametrization of our results for the tip-surface interaction
taking the Takayanagi-reconstructed13il) surfacé® as a  using simple model potentials, such as the Morse and the
typical representative of the reactive surfaces probed in thRydberg potentials. Such a parametrization would open the
experiments. A theoretical description of the phenomena thatossibility of performing realistic simulations of the cantile-
are relevant to AFM must properly account for the variationver dynamics during noncontact AFM operation, still neces-
of the force with varying tip-surface distan@e At large  sary to understand in a quantitative way the relation between
separations the tip-surface interaction will be dominated byorce gradients and measured frequency shifts. Our lateral
the long-range Van der WaalgdW) dispersive forces while  scans provide a direct relation between the main features of
at small separations the short-range quantum-chemical forcese AFM images and the structural and electronic properties
have to be considered. To describe the latter we use densipf the surface. Particularly relevant are the charge-transfer
functional theory(DFT),™ which has been shown to provide prgcesses among the dangling bonds and backbonds induced

a reliable descr_iption of .the. surface(—stip interaction at dis—by the tip, which can be related to the changes in the relative
tances of a few interatomic distancés.’For the long-range  conwibution of the different dangling bonds to the states
forces we adopt a model based on the VdW interaction be

. h . . o close to the Fermi energy due to the different interaction
tween macroscopic bodie5.Using this description of the o " tip I gy au I ' I

interaction we study in detail both vertical as well as hori- . . .
. The rest of the paper is organized as follows. Section Il
zontal scans, hereafter referred to as displacement curves and

lateral scans, respectively. Our work has a rather direct bea iescribes the details of the model and computational tech-

ing on the noncontact frequency shift AFM experimérits niques 'used, paying.special' attenFion to the characterization
and on the AFM spectroscopy experimetitsTheir rel- of the tip emp_loyed in our S|mulat|ons_. The convergence of
evance to the amplitude damping experim@igdess obvi- these calgula_tlons Wlth_ respept_ to various computational pa-
ous, but differences in the response of the adatoms, such §meters is discussed in detail in Appendix A. The results of
those discussed below, are a possible mechanism to epra‘ihe simulations of displacement curves and the discussion of
the observed contrast in this imaging mode. Because of thine atomic relaxation effects and the force gradient curves
computational cost, accura@b initio studies, similar in and fittings are included in Sec. lll A. Lateral scans are pre-
spirit to those presented here, exist only for Al surfaces wittsented in Ill B. Finally, in Sec. IV, our main findings are
a high degree of symmetry:® used to understand a number of experimental issues such as
Our previous work, presented in Ref. 18, pointed out thathe difficulty in achieving stable operation, the relation be-
the covalent chemical interaction between the danglingween the quality of the images and the experimental condi-
bonds of the adatoms on the surface and of the apex atom trons, with special emphasis on the role of the tip prepara-
the tip do play an important role in the quality of the imagestion, and the origin of the recently observed discontinuities
obtained in noncontact AFM. We showed that, even for disin the force gradient curve.
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(@)

(b)

FIG. 1. Ball-and-stick model of the tips consider¢d). A 4 Si

of Takayanagi reconstructionid. While computationally
more tractable than the experimentally observed77struc-
ture, it contains most of the features of th& 7 structure, in
particular, the adatoms and rest atoms. For testing purposes
calculations have also been performed on the33structure.
The system that we have considered is a supercell containing
a Si111) slab, two tips, one on each side of the Si slab and
the vacuum region, with inversion symmetry imposed on the
supercell. The slab consists of eidiifl1) planes and 200 Si
atoms for the X 5 reconstructiori68 for the 3x 3), with the
central two layers kept fixed to simulate the bulk crystal
termination of the surface. The periodic images of the
Si(111) slabs are four double layers apart, providing a
vacuum region of at least 6.86 A between the tips. The tips
used in experiments are etched out of single-crystai*Si

As the natural cleavage planes of Si are (th#l) planes, we
expect that the very end of the tip will be bounded by those
planes. A natural question arises about the finite size of the
tip to be used in the simulations. Within this model we con-
sidered three different tips, which are shown in Fig. 1. The
reason for considering tigs) and(b) separately even though
they both contain four silicon atoms can be seen in Fig. 2,

atom tip with dangling bonds of the atoms in the base unsaturatedvhich shows the charge-density differencé p(r)
(b) the same tip but the dangling bonds in the base are saturated b5 ptip () = Ptip—a(r) ON @ plane through the tips. The satu-
hydrogen atoms(c) a 10 Si atom tip with the dangling bonds in the ration of the dangling bonds in the base of(fip changes the

base saturated by hydrogen atoms.

Il. MODEL AND SIMULATION TECHNIQUES

A. Short-range interactions

hybridization of the atom in the apex to close to thg’
hybrid of the bulk, leaving a dangling bond pointing out of
the apex atom towards the surface. The third(¢gpwith 10

Si atoms and the base dangling bonds saturated by hydrogen
atoms, has a charge distribution in the apex region similar to

As mentioned in the previous section, in this work thetip (b).
short-range interactions between the AFM tip and the surface In Ref. 18 we showed that although similar in the apex
are modeled using DFT. Most of the calculations that will begeometry, those differences in the charge density produced
presented were performed on th&5 member of the series significantly different results for the interaction of the vari-

FIG. 2. (Colon Difference of the electronic charge densities betweethiipnd tip(a) of Fig. 1. Note the presence ofg’-like dangling

bond in(b) protruding out of the apex atom.
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ous tips with the surface when we scan over an adatom in thelectronic-structure part of the simulation with respect to
faulted half of the 55 unit cell at a constant height of 5 A. various computational parameters is discussed in Appendix
We found that the total energy and normal force obtained foA.

the two tips that have dangling bonds pointing towards the

surface[tips (b) and (c) in Fig. 1] were very similar, and B. Long-range interactions

much larger than the values obtained for the unsaturated tip

. . . Di ive VdW i i I i
(@ (see Fig. 1 in Ref. 18 for detajlsThese small differences ispersive VAW interactions are not correctly described

: g by standard DFT. Recently a new long-range nonlocal
petween the 4 and 10 Si atom t'bm.s (b) and (C.)' respec- exchange-correlation functional has been proposed to extend
tively] show that the short-range tip-surface interaction ispe apjicability of DFT to the problem of physisorption at
completely dominated by the interaction of the danglingg 5028 Although this prescription provides promising re-
bond of the apex atom with the surface, and thus indicatg s for free-electron-like surfaces, its extension to semicon-
that using tip(c) the simulations will be converged with ductor surfaces has not been developed yet. We have mod-

respect to the size of the T“Ode' used to represent the AFMoq the contribution of the VAW interaction to the total
tip. The results presented in the rest of the paper, except f(ﬁ1

; . " "jormal tip-surface force using the Hamaker summation
some of the convergence tests in Appe”d”? A, were optame ethod!’ The method is based on summation over the vol-
with the 10-atom tip vv_lth saturated dangling bonds in theurne of the tip and sample of the asymptotic VdW pair po-
base[tip (c) shown in Fig. 1. tentials

The operation of the AFM in the lateral scanning mode
was simulated in a stepwise, quasistatic manner by making
small movements of the tip parallel to the surface at a con- Wy gu(r)=— E )
stant height above the surface. At each step the atoms in the 6
slab and the tip were allowed to relax to their equilibrium
positions for that particular tip position. Similarly, for simu- Where the value of C depends on the tip and sample materi-
lating the displacement curves the tip was moved from@ls. The technique is applicable at distances sufficiently large
vacuum towards the surface with the atoms allowed to rela%0 make the details of atomic structure unimportant. For ex-
after each tip movement. In each case the Si atoms in themple, for the VdW force acting on an atom over a polariz-
base of the tip and the H atoms attached to them, if these agble flat surface of density one obtains
present, are kept fixed in their positions after a tip displace-
ment. These simulations are expected to provide an accurate atomsurfac 1 Al
description of both imaging modes since the motion of the FVdaw =—mpCo=——-, (€)

! ; ) r o r

AFM tip occurs on a much longer time scale than the atomic

timescale. Similarly, finite-temperature effects are not eXyyhere A is the Hamaker constant, andhe atom-surface
pected to significantly modify the results as typical atomicgistance. We used this technique to estimate the normal
frequencies(THz) are much larger than the tip oscillation forces and force gradients for the microscopic four Si atom

frequency(kHz). tip [tip (a) of Fig. 1] and for a macroscopic spherical tip with

The energies and atomic forces were calculated withifne experimental curvature radius of=R0 A? where the
DFT (Ref. 14 in its plane-wave pseudopotential jieraction is given by

formulation!® Optimized nonlocal pseudopotent?twere
used for silicon with thep andd components of the potential
o e 1
made very similar and optimized to make the pseudopoten- pspheresurfacq ) — _ 2,2cR =—AR———,
tial rapidly convergent with respect to the cutoff energy in (r—R)? (r—-R)?
the plane-wave expansion. The pseudopotentials were ap- (4)
plied in a separable form, taking theecomponent as refer-
ence and including only the nonlocal component. The pro-

with r being the distance from the surface to the center of the

jection of this component was performed in real spfcEhe sphere. We use the Hamaker constant for the Si-Si interac-

H H — —19 7129 H
Coulomb potential was used for the hydrogen atoms. Th&On through airA=1.865<10""" J.” We have considered
electronic orbitals were expanded at fhgpoint of the Bril- e tip-surface distance in Eq) and(4) to be the normal

louin zone with a cutoff energy of 7 Ry. This set of param-distance between the tip and the highest adatoms, whose
eters was found to yield highly accurate results for the tota[1€ight is taken as a reference for the position of the flat
energies and vibrational frequencies for thex7 surface W|th_ density(Si(111) in our calculatu_)ns. Since the
structure®®24We used the gradient corrected functidfidor ~ 2Verage height of t_he atoms in the surface is lower than the
the exchange-correlation energy in the implementation ofighest adatoms this model provides an upper bound for the
Ref. 26. The density functional was minimized with respectntéraction with a 55 reconstructed surface. _

to both electronic and ionic degrees of freedom using conju- It could be argued that by using a sphere we are disre-

gate gradient techniqué®The convergence criteria were set 92rding the contribution to the VdW interaction of the mac-
to 5x10°5 eViatom for the energies and to 1 'OSCOPIC parts of a tip which has a more realistic conical

«10°2 eV/A for the forces on the atoms. Since the Shape. A calculation similar to that for the sph@rshows

Takayanagi-reconstructed(811) surface is metallic, the oc- that the cone-surface interaction is given by

cupation of the electronic orbitals around the Fermi level was

carefully checked. The simulations have been done using Fconesurface(r):_Atanz‘P E (5)
massively parallel computatidi. The convergence of the vdw 6 r’
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with r the distance from the surface to the apex of the cone,
and ¢ the half-angle of aperture of the cone. An estimate
using a cone with a half-angle of aperturem®—using the
same Hamaker constant—for the estimated distance of clos-
est approach gives a force of 0.062 nN and a force gradient
of 0.1 N/m, both of which are much smaller than the values
of 0.50 nN and 2 N/m obtained for the sphere. Ciretcal 1®
found similar conclusions in their study of the VdW interac-
tion between metallic tips and surfaces. They considered
semi-infinite tips with conical and hemispherical ends and a
cylindrical shank as a more realistic approximation to the tip
shape. The Lifshitz formula for an atom interacting with a
flat polarizable surface was integrated over the tip volume to
obtain the total VAW interaction. Their results show that the
hemispherical geometry gives contributions to the force and
force gradient an order of magnitude larger than the ones
obtained with the sharp conical tighalf-angle of aperture
equal or less thamr/4), in agreement with our model calcu-
lations.

Our calculations, as most of the work in Ref. 17, are
based on the additivity of atomic contributions to calculate
the total VdW force. As Hartmarifihas shown, a more pre-
cise and conceptually satisfactory approach than that of
Lifshitz®! gives the same results for the regime of small sepa-
rations, where the nonretarded interaction is the dominant
term.

Finally, it should be noticed that the possible error asso-
ciated with a continuum description of the surface, instead of
a detailed microscopic account of the discrete nature of the
lattice in the areas closer to the tip, should be extremely
small due to the long-range nature of the interaction, a gen-
erous upper bound being given by the order of magnitude of
the VdW interaction between the 4 Si atom tip and the sur-
face where the values of the force and the force gradient

-1.25

Energy (eV)

(—0.02 nN and 0.15 N/m, respectively, for a normal dis- Z
tance of 5 A are an order of magnitude smaller than the 78’
corresponding values for the macroscopic tip Q.50 nN S
and 2 N/m, for the same normal distaince
lll. RESULTS: SIMULATED AFM SCANS
A. Displacement curves: Tip-surface covalent bond
and atomic relaxation 0,0 50

T?lo Surface Dis%aonce (An strc:r"gs)
The results for the total energisind forces due to short- P ’
and long-range interactions are summarized in Figs. 3 and 4, FIG. 3. Short-range interaction energyiddle panel and nor-
respectively. In Fig. 3 and subsequent figures related to themal force(bottom panel as a function of the tip-surface distance,
short-range interaction, the results are plotted as a function d@ér tip (c) of Fig. 1 over corner hole atortsquares over a rest
the “tip-surface distance,” which is defined as the differenceatom(triangles and the adatom on the long diagoKialack circleg
in height between the unrelaxed tip apex and the highedt the faulted half of the unit cell, and over the adatom on the long
adatom in the unrelaxed surface. In order to provide a direcfiagonal in the unfaulted halivhite circles. For comparison, the
comparison, results in Fig. 4 are also shown as a function dpteraction between two tiisip (b) of Fig. 1 as shown in the inset,
the analogous tip-surface distance; in this case, the differencidite diamondsis also shown. The top panel shows a ball-and-
in height between the surface of the sphere and the unrelax&§¢k model of the X5 reconstruction, including a top view of the
substrate highest adatoms, which defined the position of thit cell and a lateral view of the atoms close to the lattice plane
flat surface in our model for the long-range interactions.ﬁq'g?l?ec:hiolr?]g? h(j;%%)hr)]a:‘.al];theed (Ia:toél;invé'tﬂnfii?t%% Q)OP:; are
Wlthththesgz_ deI:nltlolnst:, (\j/a;rléitkl]ons Ilnt_the (;l_p-slurface dtIStaP f.eatoms, faulted diagondF Ad) and off-diagonalNF Ad) adatoms,
:L% SaerrT]IpI:erev(\:/h?/cfr\ea?eemeoasu?ezieii It\;lee éig;?ﬁgrigls O 'Byng unfaulted diagondl Ad) and off-diagonalNU Ad) adatoms.

The conclusion that emerges from the data in Figs. 3 anforce gradient across the surface which is large enough to
4 is that only the short-range interaction at “near contact” achieve atomic resolution. This short-range interaction is es-
distances 3-5 A) is able to provide a variation in the sentially an interaction between the surface adatom dangling
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VdW interaction: Total Energy & Force 50
0.0 T T

b
o

g
=)

Total Energy (eV)
b
(=]

Tip-Surface |\

Distance ™ R=40A

Apex-Surface Distance (Angstroms)

Si Surface

20 .30 20 5.0
Tip-Surface Distance (Angstroms)

FIG. 5. Apex-adatonfapex-rest atopndistance as a function of
tip displacement for tigc) of Fig. 1 over a diagonal adatothlack
circles and a rest atonfwhite circleg in the faulted half of 5<5
reconstruction. The apex-apex distance for the interaction between
two tips([tip (b) of Fig. 1 is also showrisquare}|. The dashed line
shows the apex-adatom distance for the(tpover the adatom for
a rigid displacement of the tip if no relaxation were allowed starting
from the tip configuration at 5 A. The horizontal dotted line corre-
spond to the nearest-neighbor distance in bulk Si.

Force (nN)

placement over one of the adatoms as an example and taking
the relaxed configurationtd A as thestarting point, if no
further relaxation were present the apex-adatom distance
40 s ) would follow the dashed line shown in Fig. 5. It can be
80 clearly seen that the real apex-adatom distance rapidly devi-
ates from that linear behavior due to the relaxation of both
FIG. 4. Long-range van der Waals interaction endigp panel  the tip and surface atoms. Differences between the curves
and force(bottom panelas a function of the tip-surface distance for thus reflect the different atomic relaxations due to the differ-
a macroscopic spherical tip of radius of 40 A. ent bonding of the atoms to the surface on the various sys-
tems considered. In all cases the minimum in the total energy
bond and tip apex dangling bond. This can be seen by comand zero in the normal for¢eorresponds to the tip position
paring the curves for the scans over an adatom, a rest atowhere the apex-surface atom distaf@pex-apex distangés
and corner hole atom. This conclusion is further corroboratedoughly equal to 2.35 A, which is marked by the horizontal
by results for a model system consisting of two interacting Sdotted line in Fig. 5, the Si-Si nearest-neighbor distance in
tips also shown in Fig. 3. These results, for both the totabulk Si. This difference between the apex-surface atom dis-
energy and the normal force, are very similar to those for théance and the tip displacement, which is the quantity acces-
tip interacting with a surface adatom, apart from the strikingsible to the experiments, should be taken into account not
differences in the position of the minima. The key to under-only in the AFM scans but also in the interpretation of STM
standing the difference in the position of the minima is thatdata. Similar effects occur in the STM and have been in-
when the atoms in the tip and the surface are allowed to relaxoked to explain the falloff in corrugation on Cu surfates
under the forces present, the relative movemement of the tipnd the constant value of the apparent barrier height at small
apex and the surface atoms is no longer the same as that winnel resistances for several metallic surfates.
more distant parts of the tip and the sample. Our calculations The vertical scan over the rest atom shows a similar be-
show important relaxations even for a tip-surface distance ofiavior to the scan over the adatom but the minima in both
5 A, where the actual apex-adatom distatapex-apex dis- the total energy and normal force are displaced by around
tance for the two interacting tipsifter atomic relaxation re- 1.25 A, which is roughly the difference in heigtt.12 A)
duces to 4.72 A for the 85 reconstruction, 4.77 A for the between the adatom and rest atom in the5 reconstruc-
3 3 reconstructiorisee Appendix A for detailsand 4.92 A tion. The minimum in the total energy also corresponds to a
for the two Si tips. The effect of atomic relaxation becomesdistance between the tip apex atom and the rest atom equal to
increasingly important as the tip and surface get closer. Thi.35 A. As the tip approaches the surface the rest atom
point is illustrated in Fig. 5, where the distance between thenoves up towards the tip apex until the tip-surface distance
apex tip atom and the surface atom just below the tip oncés roughly equal to 2.5 A, close to the point where the maxi-
relaxation is taken into account is shown as a function of thenum of the normal force is reached and the curvature of the
tip displacement{measured in terms of the tip-surface dis- apex-adatom distance versus tip-surface distance changes
tance defined aboyeConsidering the case of the tip dis- sign (see Fig. 5 The same behavior was found in the ada-

4.0 6.0
Tip-Surface Distance (angstroms)
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tom scan. In fact, if the rest atom curve in Fig. 5 is displaced ' :
in the horizontal direction by 1.25 A, it overlaps almost per-
fectly with the one for the adatom.

The displacement curves discussed above were made over
atoms on the faulted half of the unit cell. Results for the
unfaulted half are very similar for both the total energy and
the normal force, as the comparison between the scans over
the faulted and the unfaulted adatom shasee Fig. 3, and
for this reason they will not be discussed further.

It was already pointed out in Ref. 18 that the covalent T
character of the short-range dangling bond interaction per-
sisted at least up to a surface-tip distance~d& A. The
charge-density difference between the surface with the tip at
a distance ©5 A over one of its adatoms and a superposition
of the charge densities of an isolated surface antsgp Fig.

2 in Ref. 18 showed a pronounced charge transfer to the o
adatom dangling bond under the tip from the dangling bond
on the rest atom and from the backbond. It should be noticed
that a similar reverse charge transfer has been experimentally ' '

opserved after cg%mis_orption of .molecules o_n the FIG. 6. Charge-density difference between the self-consistent
Si(111)-7<7 surface™ This accumulation of charge in the gjecironic density of the interacting system and the superposition of

adatom dangling bonthotice that the dangling bond in the e gensities of the isolated tip and surface. The plot is taken on a
tip has already one electrpis precisely what we expect at plane perpendicular to the surface along the long diagonal in the
the onset of the formation of a covalent bond between the tigaulted half of the unit cell. The tip is on top of the F Ad. The
and the surface. The work presented here provides more euip-surface distance is 3.5 A. The squares indicate the position of
dence of the covalent character of this interaction. In particuthe Si atoms in that plane both in the tip and in the Si surface. The
lar, the fact that this is not just a polarization effect inducedsolid (dotted lines indicate an increas@ecreasg of electronic

by the tip on the surface states but the onset of real covalemharge; the contours correspond#t®.4, *+1, =2 (asin Fig. 2
bonding is further confirmed by the spatial distribution of thein Ref. 18, +4, =*6, =8, *10, *12, +14 and +16
charge density of the highest occupied electronic statesx 10"2 electrons/R. Notice the transfer of charge to the adatom
which clearly show that they are a bonding combination ofdangling bond from the backbond and the dangling bond in the F R.
the original dangling bond states in both the apex atom and

the adatom(see the discussion about the character of thgke the Rydberg  functiod’ V(r)=—Vg[1+b(r

states around the Fermi energy at the end of Sec. Il B and R.)Jexd —b(r—R.)]. The results obtained for the fits with
Fig. 13. Further support comes from the study of the forma-yhis potential are very similar to the ones presented below for

tion of this bond as the tip approaches the adatom. Thgye Morse potential, and for this reason they will not be
charge density difference shown in Fig. 6 for a tip-surfaceyiscussed further.

distance of 3.5 A very much resembles the one in Eign We have tried to fit our total-energy curves for the short-
Ref. 18, except for the increase in the charge transferred to,e tip-surface interaction and the interaction between the
the adatom. The concept of chemical reactivity between thg,,, tips shown in Fig. 3 with a Morse potential, takingas

tip and th(nT surfacd was recently irjvoke_d to explain the o tip-surface distance and,, b, andR, as fitting param-
difference in the contrast between inequivalent adatoms 0Bers However, it has not been possible to find a good fit for

the Si(111)-%7 surface in the amplitude damping poth the attractive and the repulsive parts of the interaction,
experiments. _ , _ _and the fits obtained taking just the attractive part and few
In order to perform simulations of the cantilever dynamics,qints in the repulsive region close to the minimum provide
under the conditions used in noncontact AFM it would be, yery poor fit to the calculated force derivatives. Consider-
desirable to have a simple but accurate description of thg,q ihe differences between the tip-surface distance and the
tip-surface interaction. Morse potentials are known t0 proney_syrface atom distance when relaxation is taken into ac-
vide a reasonable description of covalent bonding in & dizoynt a5 discussed above, and the fact that the Morse poten-
atomic molecule through a simple analytical function: tial should describe the interaction of two atoms as a func-
tion of their real interatomic distance, we have also tried a fit
1— exp{ P r—Re takingr as thg apex-surface atom di_stance. Al_though we ob-
R. tained a little improvement, the quality of the fit was still far
from satisfactory.
whereV(r) represents the total bonding energy as a function A direct fit to the calculated forces using the derivative of
of the interatomic distance, andV,, b, andR. are param- the Morse potential, taking as the real apex-surface atom
eters that define the strength and range of the bonding intedistance proved to be much more successful. The fits for the
action. Due to their simplicity, Morse potentials have beentip-adatom, tip-rest atom, and tip-tip force are shown in Fig.
used in different contexts, including AFM simulatiofisto 7. It should be noticed that although the fit is done with the
simulate bonding interactions. We have also consideredeal interatomic distance, the plot is presented with respect to
other functional dependencies used to fit total-energy curvesghe corresponding tip-surface distance defined above. These

2
V(F)ZVo[ —1), (6)
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Force Fit the tip-tip interaction should be easier to describe as the
‘ charge in the dangling bonds of the two tips is the same over
the whole distance range. There are no large changes in the
eigenstate distribution around the Fermi level since only the
states associated with the two unsaturated dangling bonds are
present. The situation is much more complicated for the tip-
surface interaction where several states associated with the
different dangling bonds on the surface are close to the
Fermi level. In this case, charge piles up in the dangling
bond interacting with the tip and is depleted from other ar-
eas, the amount of charge depending on the strength of the
interaction between the adatom- and tip-dangling bonds.
This is described in detail at the end of next section. In
summary, the fitting process provides further support to the
central role of covalent bonding in the tip-surface interaction,
20 T30 40 50 but, at the same time, it reveals some of the subtle differ-
Tip-Surface Distance (Angstroms) ences from a simple model of diatomic bonding.
As pointed out in the Introduction, force gradients play a
tom (black circle$ and the tip-rest atortwhite circles interaction. crucial role in noncontact AFM. The force gradients are not

The fit for the tip-tip interactiorisquarelis shown for comparison. & direct output of our total-energy calculations, but we can

In each case the symbols correspond to the calculated values of t&@lculate them from the force versus distance curves dis-
force while the lines represent the fit. cussed above. The most accurate way to do this would be to

take a numerical derivative of the calculated force curve over

fits reproduce the behavior of the force close to its minimumthe whole distance range. However, that would require a
and the integration of those curves provide a reasonable, dfiner grid than the one we can afford due to the computa-
though not very accurate, description of the total energy foiional cost of the calculations. One possible solution is to
the different systems. The quality of the fits deteriorates iftake a derivative of the force fits obtained above. Figure 8
we try to include more fitting points in the repulsive part of compares the force gradients for the tip-tip, tip-adatom, and
the force, showing that, as one can expect, the tip-surfacép-rest atom interaction, obtained as a derivative of the cor-
interaction deviates from the pure “diatomic”’ case as the tipresponding force fits, with the force gradients associated with
approaches the surface and the response of the adatom or thée long-range VdW interaction for the macroscopic tip, ob-
rest atom becomes more influenced by the atoms in the lay@ined as well as a derivative of E@f). This figure clearly

ers below. It must be noted that good fits are only obtaineghows the similarities between all the covalent bonding in-
when we use the real apex-surface atom distance, furthdgractions as opposed to the VdW interaction. Obviously, the
confirming the importance of the relaxation effects describedyalues for the force gradients are not very accurate for larger
above. Typical values for the fitting parameters are shown ilistances due to the limitations of the fits. Our force fits tend
Table I. The quality of the fits for the force and the total t0 underestimate the force gradients for large distances when

energy seems to be better in the case of the interaction of the

Force (nN)

FIG. 7. Morse fits to the normal force for the tip-diagonal ada-

two tips than for the tip-surface interaction. In particular, the Force Gradients (from Force Fits)
fits for the adatom and rest atom on th& 5 reconstruction 200 s ; ;
do not reproduce the calculated values for the largest dis VW
tances(around 5 A, which are well described in the case of / N{ip—tip
the tip-tip interaction. The convergence tests discussed i 5, | \ FR / 3 1
Appendix A seem to rule out large inaccuracies in our cal-_. )
culated forces and one can speculate as to the origin of the:§ \
differences. One possible explanation is simply that a Morse \
type function is too simple to describe the details of theE T N F Ad 1
interaction, and a fit that tends to better reproduce the areg N
with larger values around the minimum will fail to describe 5 \
the behavior accurately for large distances. In this respec 5, | 3

TABLE |. Parameters obtained in the fit of the forces with the / %\Q _______
derivative of the Morse potentidEq. (6)] for tip (c) interacting { I
with an adatom and a rest atom on a Si(11X &surface, and for 00,5 20 20 50
the interaction between two tigép (b) in Fig. 1]. Tip—Surface Distance (Angstroms)

Vo, (eV) b R.(A) FIG. 8. Force gradients for the the tip-diagonal adattack
circles, the tip-rest atomwhite circles, and the tip-tip(squares

Adatom 2.273 1.497 2.357 interaction(obtained as a derivative of the corresponding forcg fits
Rest atom 2.636 1.526 2.357 Force gradients associated with the long-range VdW interaction for
Two tips 3.094 1.328 2.292 the macroscopic spherical tip of radius 40 A are indicated by the

dashed line.
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compared to the values obtained from a numerical derivative
on a finer grid. The force gradient on the faulted adatom at a
distance 65 A obtained from the calculation of the force on

a fine grid centered at that distance and the use of a numeri-
cal derivative is almost a factor of 2 larger than the one
obtained from the force fi{see Table | in Ref. 18 The
results in Fig. 8 clearly show that the covalent bonding in-
teraction dominates the force gradients that cause the fre-

quency shifts used to create the experimental images. Total Energy (eV)
We note that similar results have also been obtained for the ‘ ‘
3% 3 surface™® R

B. Lateral scans _045 |

The conclusion from the simulations of the vertical scans
is that the tip-surface force and force gradients for distances
larger tha 4 A are only significant close to the adatoms.
Although a direct calculation of a force gradient map of the om0 |
surface is not possible due to the computational cost, Figs. 3
and 8 show the direct proportionality between forces and
gradients for large distances. It should be noticed that if a
functional dependence such as the Morse potential is as-
sumed, the behavior at large distances would be dominated _»s
by an exponential term, and the force gradient would be o0
essentially the force multiplied by a constant factor. In the .00
case of a power-law dependen@eich as the one obtained,
for example, for the VdW interactionthe gradient would be
essentially the force divided by a factor proportional to the o0
distance, which in a lateral scan at a constant height would
again be a constant. Therefore using the lateral force scans
we can map out the AFM “image” of the adatoms.

Lateral force and total-energy scans at a tip-surface dis- -0z0
tance 6 5 A are presented in Figs. 9 and 10. In Fig. 9 we
show the total enerd¥ and the normal force for a tip scan-
ning along the long diagonal and for a scan parallel to the
long diagonal over the off-diagonal adatoms. Figure 10
shows the values of the forces calculated for a set of scans
parallel to the long diagonal, which probe intermediate posi-
tions between the off-diagonal adatoms and the long diago- -040 5

0.0 30.0

16.0 2
Normal Force (nN)

30.0

X 16.0 2(;0
nal. Each intermediate scan is 0.5 A closer to the long diag- Tip position projected along long diagonal (angstroms)
onal, starting from the off-diagonal adatom scan, which is . _ )
3.84 A off the long diagonal. FIG. 9. Short-range interaction ener@V, medium pangland

The differences between the scans over the diagonal arf@rce (nN. bottom panglfor tip () of Fig. 1 scanning over the long
off-diagonal adatoms are related to a symmetry breaking diéjlagonal(black circleg and for a scan _parallel to the long dlagpnal
tortion; there is a Jahn-Teller distortion that breaks Ghe 2V th? Oﬁ)';\d'a?qon?lba?atprg.s"h'te f]'rc'es ata t'f'iurface dis- o
symmetry of the surface and leaves the off-diagonal adatom?nce.o S A The labels indicate the position of the atoms wit

. - LS angling bonds on the surfa¢e Ad, U Ad, R, Ch, NF Ad, and NU

at lower heights than the diagonal ones. A similar symmetry,
breaking was found in Ref. 39 for this reconstruction. In this
respect, the behavior of thex® reconstruction seems to be

different from the one calculated for the<7/ reconstruction sitions, and the process reverses with the faulted adatom
using the same theoretical appro4eA' where no distortion moving upwards and taking charge, as the tip approaches
was found. This results in a different response of the adatomthis adatom. The normal displacements of the adatoms are
in the two scans. The adatom response for the scan along thery different for the diagonal and off-diagonal scans and

long diagonal can be seen in Fig. 11, which shows that as thihis is reflected in differences in the strengths of the con-

tip approaches the diagonal adatom in one half of the unitomitant tip-surface covalent bonds that are formed. We note
cell this adatom moves upwards and electronic charge ithat adjustment of the adatom-apex distance to the same
transferred into the dangling bond of that adatom, while atwvalue yields energies and forces that are identical for the two
the same time the adatom in the other half of the unit celdifferent scans. The interaction between dangling bonds on
moves downwards and its dangling bond is depleted ofthe adatoms and the dangling bond on the apex atom gives
charge. As the tip reaches the point midway between thedeep minima in the total-energy curve over the adatoms and
adatoms, both of them have come back to their original poa barely detectable signal at the positions of the rest atoms.

d. The top panel shows the two scans on a top view of the unit cell
of the 5X5 reconstruction.
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3l FIG. 10. (Colorn Normal force
(nN) for tip (c) scanning over an
(L area of the unit cellshown in the
top panel at a tip-surface height
of 5 A. The scan direction is par-
allel to the long diagonal. The
minima correspond to the position
.14 of the adatoms, with the deeper
one over the F Ad.

Normal Force (nN)

%

b

—{.32

{136

Similar results are obtained also for the normal force, albeibe traced back to the way the tip interaction changes the
with an enhancement of the contrast so that the rest atomrglative contribution of the different dangling bonds on the
are better resolved with the normal force. The differencesurface to the electronic states close to the Fermi energy.
between the faulted and unfaulted halves of the unit cell ar&Vhen the tip is placed in a position midway between the two
in line with the different amount of charge in the dangling diagonal adatoms, our calculation shows four electronic
bonds in the two halves of the unit céfiThe lowest binding ~ states, associated with the different adatoms and the corner
energy and normal forces are obtained around the cornérole, within a region of~0.1 eV around the Fermi energy.
hole. From the half-width of the peaks in the force scans weBelow them, in a region of 0.2 eV, we find the states asso-
estimate the lateral resolution of the order-e8 A. The ciated with the rest atoms. Two of the states associated to the
calculations performed on thex® structuré® yield broadly — adatomglocated at—0.018 and—0.089 eV with respect to
similar results. the last occupied eigenstatbave a large weight on the
These results suggest that the tip may induce importarfaulted adatom. The charge densities associated with these
long-range charge-transfer processes among the danglirsgates are shown in Fig. 12. These states show the faulted
bonds and backbonds that are directly correlated with thadatom dangling bond mixed with the dangling bonds from
normal displacements of the surface atoms. This in turn cathe unfaulted diagonal adatom, the corner hole and the non-
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cell. Thus, this interaction satisfies all the conditions for pro-
viding atomic resolution on reactive surfaces and for enhanc-
ing the resolution in other systems.

These conclusions have received a large amount of ex-
perimental support. The large differences in normal forces
and force gradients between different atomic sites in the unit
cell obtained in the simulations, with clear maxima over the
adatoms, correlates with the contrast observed in all the ex-
perimental images taken in the constant frequency shift
mode, where maxima in the tip height occur at the positions
of the adatoms. Our finding of atomic resolution induced by
tip-surface reactivitif has recently been invoked to explain
the observed differences in imaging inequivalent adatoms on
the Si(111)-7% 7 surface.® Our present work lends further
6.6 | i support to this interpretation. The discontinuity in the force
gradient curve found on Si(111)X77 and its interpretation
in terms of a crossover between van der Waals and chemical
655 F " ] bonding'*! is consistent with our results. The role of the
dangling bond interactions is also supported by the experi-
mental observation that the onset of tunneling current and the

6.7

6.65 77

6.5 OV 7 rapid variation of the frequency shift, recorded simulta-
o 5 1'0 1'5 2'0 2'5 3'0 neously in Ref. 7, take place at very similar tip-surface dis-
Tip Position along the Long Diagonal (Angstroms) tances. Our displacement curvege Sec. Il A and Figs. 3

and § explain the difficulty in achieving stable operation in
FIG. 11. Lower panel: normal displacements of the adatoms fothe frequency shift mode reported in early experiments. This
tip (c) of Fig. 1 scanning over the long diagonal. The two upperis due to the change in slope of the normal force, and the
curves correspond to the diagonal adatoms, the two intermediate @ssociated change of sign for the force gradients, which takes
the off-diagonal faulted adatoms and the two lower to the off—place over a small range of distance.
diagonal unfaulted adatoms. Notice that the symmetry between the Our results can also be used to discuss the quality of

two halves of the unit cell is preserved during the scan. Uppenhoncontact AFM images of Si(111)>77. The early image
panel: charge-transfer process accompanying the normal adatom

displacements, charge-density difference between the self p— T T T T T T
consistent electronic density for the tip on the faulted and the un-

faulted diagonal adatorfdetails as in Fig. 6, labels as in Fig. 9 ] = g . ]
diagonal adatomgnot shown on the figuje A comparison @ U Ad
with the local density of states obtained for the case where s
the tip is on top of the faulted adatom shows that the tip @F Ad @
interaction singles out the faulted adatom from the rest of the @5 OR op < @
adatoms and lowers these two states by 0.12 eV. The inter- & N . o .
action (see Fig. 13 has removed the contributions from the oCh @? B u]
corner hole and the other adatoms to these states and only L . 'f' A - , = . '? M g

small contribution from the unfaulted diagonal adatom re-
mains. The faulted adatom dangling bond now appears
strongly mixed with the tip dangling bond and nonnegligible
contributions from the rest atoms are observed due to the
proximity in energy of those states. - o o -

IV. DISCUSSION AND CONCLUSIONS

We have presented above a detailed study of the tip-
surface interactions involved in the noncontact AFM imag-
ing of reactive surfaces. Our displacement curves show tha]
for “near contact” distancegbelow 5 A), the short-range
covalent chemical bonding between the dangling bonds or
the tip and the surface provides interaction energies anua
forces comparable to the macroscopic tip-surface VAW inter- £ 12, Charge density associated with the two eigenstates

action, and completely dominates the force gradients probegloser to the Fermi energy, which have a larger weight on the

by the experiments. More importantly, both the displacemenfaulted adatom. The tip is placed in a position midway between the
curves and the lateral scans show that the covalent interagyo diagonal adatoms. The contours correspond to 0.2, 0.4, 0.6, 0.8,

tion has a strong dependence on the tip-surface distance an®, 1.2, 1.4, 1.6, 1.8, 2.0continuous lines and 3.0, 4.0, 5.0
provides a clear contrast among different sites in the unitdashed linesx 102 electrons/A.
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' ' ' e scanning with a Si tip on a Si(111)X77 surface has been
] recently reported® The enhancement correlates with the ob-
] servation of a new type of force gradient curves which con-
U Ad. tain a discontinuity. Although, for the sake of brevity, we
. shall refer to these observed rapid changes in the force gra-
@R @ dient as a discontinuity, it is necessary to point out that there
O g 1 are no real, physical force discontinuities. They are simply
@ ] changes that occur over such a small distance as not to be
o o o resolvable in the experiment. In contrast to other experi-
T T T T ments, the sample was prepared in this case in a different
chamber to avoid the deposition of Si atoms on the tip apex.
T T T T At the beginning of the AFM measurements only force gra-
dient curves that did not have a discontinuity were observed.
However, after accidental contact between the tip and the
] sample during the measurements force gradient curves with a
U Ad- discontinuity began to be observed. The discontinuity indi-
; cates a rapid increase of the attractive force acting on the tip
] which, as pointed out by the authors, can be naturally ex-
o ] plained in terms of the onset of a chemical bonding interac-
. tion between the dangling bond out of the Si atoms picked up
g g g on the tip apex and the adatom dangling bond. In addition to
the previous evidence that tip happens to pick up Si atoms
5 from the surfacé?® atomic-scale removal of Si adatoms is
actually observed in this experiment. It should be noticed
L Middle Position Faulted Adatom | that the contrast enhancement in the scans is mainly due to

the discontinuity in the interaction, with the dark parts of the

image corresponding to the smallawer) value of the force
gradient below the discontinuity and the bright ones to the
larger (uppe) value. This is consistent with the stronger in-
teraction due to the onset of covalent bonding occurring over
the adatoms and the much weaker interaction occurring over
the rest atoms and the corner hole as we obtain in our simu-
lations.

The model we considered here is in many respects an
=25 oversimplification. In particular, we consider only tips with a

FIG. 13. As Fig. 12 when the tip is on top of the faulted diag- single unsaturated dgngling bond, scanning a perfect s.urface
onal adatom. The bottom panel shows the distribution of occupie@ara”el .to th? Iong diagonal at a C_O”Stam he'th- Despite all
eigenstates close to the Fermi level for the two positions of the tipthese simplifications our model yields energies, forces and

with the arrows marking the evolution of the two eigenstates conforce gradients that are qualitatively comparable to the esti-
sidered in Fig. 12 and this figure. mated experimental values. For example, the short-range

normal forces shown in Fig. 9 are comparable to estimated
of Giessibf shows a low-quality image except for the width experimental force of-0.14 nN(Ref. 2 and the calculated
of one unit cell where the characteristic protrusions of the 1Zorce gradient of~10 N/m at over the adatoms is close to
adatoms suddenly appear and then disappear again. This ¢fie force constant of the piezolevd7 N/m) in that experi-
fect could be induced either by pickup of a surface atom byment making the scenario of an accidental tip-surface contact
the tip or by losing a contaminant previously attached to theand the concomitant apex atom pickup quite likely.
apex of the tip apex. In either case, if a dangling bond point- A direct quantitative comparison of calculated force gra-
ing towards the surface is formed we would expect a dradients and measured frequency shifts is still precluded by the
matic improvement in resolution. A similar scenario is pos-complicated dynamics of the cantilever: noncontact measure-
sible in the case of the metallic tip used in the dampingments often use a large amplitude of oscillation of the tip so
experiments of Ref. 9, which provided images of extremelythe force due to interaction with the surface acts on the tip
good quality. In the experimental setup of Kitamura andfor only a small part of the oscillation cycle and the change
Iwatsuki? using a stiffer cantilever than Giessit87 N/m in frequency is relatively small. It is worth noting, however,
compared to 17 N/ithese processes are much less likely tothat the ratio between the force gradients calculated for the
happen and the original images were more fuzzy. However, &ips with and without dangling bonds is roughly the same as
similarly dramatic improvement in resolution was achievedthe ratio between the frequency shifts measured during lat-
after tip depassivation.The tip depassivation is likely to eral scans for the tips with and without a discontinuity in
expose the tip dangling bonds and so this change in expertheir force gradient curve’s.Recently Giessibl has used ca-
mental resolution could be due to the effects discussed in thisonical perturbation theory to derive an analytical expression
paper. for the frequency change due to tip-sample forces which can

A pronounced enhancement of the image contrast whilde described by an inverse power I&4#This opens the pos-

Eigenstates (eV)

L
©
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sibility to determine the frequency change due to the vdW Total Energy & Force vs Tip Displacement
interaction—which is naturally described by these inverse ‘ ‘ -
power laws—and to estimate the contribution to the fre- -0257
guency change coming from the chemical bonding force:
using a simple Lennard-Jones pair potential to describe th -07s |
bonding interaction. After setting the parameters for the
Lennard-Jones potential using the bulk silicon properties, he 125 |
has fitted the theoretical frequency change to different ex2
perimental results in the literature, assuming a pyramidal ti@ 175
and using as a fitting parameter tn/2)A,, , with a the tip :cJ’
angle andA, the Hamaker constant. The fitted theoretical
curves provide a reasonable description of the experiment:
data over a range of distances. In particular, they confirm th
pronounced effect of the chemical forces on the frequenc
shift at tip-sample distances aralb A in the experiments
with Si tips and Sil11) surfaces. These chemical bonding %10 20 30 40 50
forces are responsible for the important departure from thi % ‘ ‘ ' '
behavior associated with a pure VdW interaction observed ii
the experiments and qualitatively described by the simplifiec
model for covalent bonding included in the theoretical curve. o000}
On the other hand, our estimates for the forces and forc
gradients differ by about an order of magnitude from thoses- 0%
obtained in AFM spectroscopy experiméitgeven at the £
heights where the short-range chemical interactions shoul
dominate. One possible explanation for these discrepancie® _, ., |
might be the difficulty in relating the measured frequency
shifts with the force gradients pointed out above. Some 0  -200|
these effects might be addressed experimentally and/or k N
refinement of our present model. Application of the theory ta 25|
other systems studied experimentally, such as théllt® 500
surface are under way. T

Y

-225

275
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-1.00
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. (bottom panel for tip (c) of Fig. 1 over an adatom on thex%
The calculations were performed on the JRCAT superteconstructiorblack circles and tip(b) on the 3x 3 reconstruction
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nization(NEDO). R.P. acknowledges financial support from energy and the normal force between the adatoms and other

the HCM Program(European Uniopunder Contract Nos. nqsitions in the unit cell is due to the onset of a covalent
ERBCHBICT30779 and ERBCHRXCT930369, and from chemical interaction between the tip- and adatom-dangling

the CICYT (Spain under Project No. PB92-0168. bonds. In summary, test calculations at 11 Ry for the5
reconstruction with the 10 Si atom fjigp (c) in Fig. 1] show
APPENDIX A: CONVERGENCE TESTS a very small reduction in the corrugation both in the energy

(by 0.001 eV and the normal forcéby 0.012 nN with re-
e e s, S [ (e TRy o used n e calcuaons prsented
- above, and further tests at 20 Ry on the& 3 reconstructions
our calculations with respect to the thepoint sampling and  ¢onfirm these findings with reductions of 0.016 eV and 0.026
the energy cutoff used. These tests support the main conclyn . Tests on the 3 reconstruction show that the apparent
sion of our paper: the strong contrast found in both the tOtalcorrugation increases with the accuracy ofﬁqpoint sam-

pling and, with a slightly higher sampling density than used
in the 5X 5 calculations, gives results that are very similar to
those presented above. What follows is a more detailed ac-
count of these tests.

TABLE II. k-point sampling convergence of the total energy
and normal force for the interactiori @ 4 Siatom tip[tip (b) in Fig.
1] on two positions on the Si(111)>33 surface.

Adatom Mid position o
1. k-point sampling tests
Energy () —0.088 eV —0.020 eV
» (3K point9 —0.142 eV —0.041 eV The interaction of the Si(111)-83 surface wih a 4 Si
atom tip with a dangling bond pointing out of the apex atom
Force ) —0.194 nN ~0.013 nN [tip (b) in Fig. 1] .has been calculat(_ad using the same 7-Ry
» (3K pointy ~ 0322 nN —0.017 nN cutoff and two different sets of points: one set is just the

I' point, while the other contains three points: (0, 1/3,
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TABLE lIl. Cutoff convergence of the total energy and normal  TABLE IV. Cutoff convergence of the total energy and normal
force for the interaction of a 10 Si atom {iip (c) in Fig. 1] on two force for the interactionfoa 4 Siatom tip[tip (b) in Fig. 1] on two

positions on the Si(111)-85 surface. positions on the Si(111)-83 surface.
Adatom (faulted Mid position Adatom (unfaulted Mid position
Energy(7 Ry) —-0.129 eV 0.000 eV Energy(7 Ry) —0.070 eV 0.000 eV
(11 Ry —0.128 eV 0.000 eV (11 Ry) —0.052 eV 0.000 eV
(20 Ry) —0.054 eV 0.000 eV

Force(7 Ry) —0.395 nN —0.052 nN

(11 Ry —0.402 nN —0.071 nN Force(7 Ry) —0.194 nN —0.013 nN
(11 Ry —0.194 nN —0.015 nN
(20 Ry) —0.178 nN —0.023 nN

(1/3, 0, and(—1/3, 1/3. We have fully relaxed the structure

for two different positions of the tip: on top of one of the 3 -4 the 55 reconstructions. In the case of thes
adatoms(the one in the unfaulted half of the unit cell in & yeconsiruction we compare our results for the 7-Ry cutoff
position midway between the adatoms on the long diagonalyith the ones obtained using 11 Ry. For the 3 reconstruc-

The convergence to the equilibrium configuration was pertjon we have also considered a 20-Ry cutdffsampling is
formed with the same criteria as in the rest of our CaICUIa'used in all these calculations. In this case we have not cal-

tions, in particular, so that the forces on individual atomSCu|ated the energies of both the surface and the t|p indepen-
were all less than 0.01 eV/A. We have also calculated thejently for each cutoff, so only differences in total energy
surface and tip total energies with the sakagoint sampling  between the two positions, taking the mid position as a ref-
to get the proper reference for the total energy of the intererence, have been considered.
acting system. Our results are summarized in Tables Il and IV In the
Our results are summarized in Table Il. Both the totalcase of the X5 reconstruction there is a very small reduc-
energy and the normal force show that the corrugation intion in the corrugation both in the total energy and normal
creases significantly when we use the denser sampling. THerce. The change in the normal force is of the order of the
results for this improved sampling are very close to the onesonvergence criteria for the individual forces on the equilib-
obtained for the X5 reconstruction using thE point only  rium configuration. The &3 reconstruction shows a larger
interacting with the same tip{0.23 eV and—0.34 nN for  reduction in the corrugation when moving to the 20-Ry cut-
the diagonal adatom on the unfaulted half of the unit)cell off, but still exhibits a very clear contrast between the two
Adatom displacements also compared very well with the valpositions of the tip. As both the>83 and 5<5 calculations
ues obtained in the 85 reconstruction. Displacement show a similar trend when moving to larger cutoffs, we ex-
curves(see Fig. 14 with the denser sampling for thex@  pect a similar behavior for the>5 system with a 20-Ry
andI" only for the 5x 5, provide very similar results, further cutoff.
confirming the accuracy of the sampling for the % 5. Finally, we have to mention that the structure and ener-
getics of other silicon surfaces are well reproduced and prac-
tically converged with our optimized pseudopotential and the
7-Ry cutoff used in this work. As an example, our pseudo-
We have performed a full relaxation of the ionic coordi- potential shows the correct buckling on the dimers of the
nates for two different positions of the tip over the Si(111)-2x<1 surface, a quantity that is not recovered by a
surface—on top of an adatom, and in a position midwaystandardnot optimized pseudopotential until a cutoff larger
between the adatoms on the main diagonal—for both the $han 12 Ry is used.
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