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Role of tip structure and surface relaxation in atomic resolution dynamic force microscopy:
CaF,(111) as a reference surface

Adam S. Fostet,Clemens Bart}, Alexander L. Shluget,Risto M. Nieminent and Michael Reichling
Laboratory of Physics, Helsinki University of Technology, P.O. Box 1100, 02015 HUT, Finland
2CRMC2-CNRS, Campus de Luminy Case 913, 13288 Marseille Cedex 09, France
3Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, United Kingdom
“Department Chemie, UniversttMinchen, ButenandtstraRe 5-13 E, 8137 7ridien, Germany
(Received 23 July 2002; revised manuscript received 11 September 2002; published 27 December 2002

By combining experimental dynamic scanning force microsd@EM) images of the Caf111) surface

with an extensive theoretical modeling, we demonstrate that the two different contrast patterns obtained
reproducibly on this surface can be clearly explained in terms of the change of the sign of the electrostatic
potential at the tip end. We also present direct theoretical simulations of experimental dynamic SFM images of
an ionic surface at different tip-surface distances. Experimental results demonstrate a qualitative transformation
of the image pattern, which is fully reproduced by the theoretical modeling and is related to the character of
tip-induced displacements of the surface atoms. The modeling of the image transformation upon a systematic
reduction of the tip-surface distance with ionic tips allows an estimate of the tip-surface distance present in
experiment, where 0.28—-0.40 nm is found to be optimal for stable imaging with well-defined atomic contrast.
We also compare the modeling with ionic tips to results for a pure silicon tip. This comparison demonstrates
that a silicon tip can yield only one type of image contrast and that the tip-surface interaction is not strong
enough to explain the image contrast observed experimentally. The proposed interpretation of two types of
images for the Caff111) surface can also be used to determine the chemical identity of imaged features on
other surfaces with similar structure.
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[. INTRODUCTION This model appears to be more appropriate for imaging sili-
con surfaces where tips can be contaminated or deliberately
Dynamic scanning force microscopgdynamic SFM  covered by silicon clusterS.

(Ref. 1) is a powerful technique for atomically resolved im- ~ The ionic tip model implies that the image contrast is not
aging of a wide Variety of insu|atin%j,5 Semi-insu|atin§,_11 determined by covalent tip-surface interactions, but mainly
and van der Waa's Surfac&as We” as for the h|ghest reso- by the iﬂteraction of the t|p with the Surface electrostatic
lution imaging of molecular species on surfaéds® How-  Potential. To achieve atomic resolution, tips should have
ever, details of the mechanism of contrast formation ang°me atomically sharp feature at the éhGince this feature

chemical identities of observed image features often remaifi®" P€ terminated by either a positive or a negative ion,

unresolved. This is mainly due to the fact that the tip—surfacé{nﬁgebcomrgs'[ maytst;oggtlr)]/ deptgnd" orf1 te_rml_natm?. In f‘?ﬁt’t
interaction probed in dynamic SFM is determined by the't Nas been demonstrated theoretically Tor lonic surfaces tha

details of the tip atomic structure, which is very difficult to the_ sign of the electrpstgth potential of .th%ﬂp determines
establish directly. Understanding the various factors impory\’h'ch Sl.”face subla.ttlce IS |maged. as bright*To prove
) his conjecture requires an unambiguous demonstration that

tant in resolution requires a direct comparison of theoretic wo different types of images obtained on the same surface

models with experimental images obtained with different tiPS;re due to two differently terminated tips, and distinguishing

and at different tip-surface separations. The aim of this pap&f,at from other unique rearrangements of tip atoms which do
is to test some of the long existing assumptions of theoreticalot change the sign of the tip potential. As the real tip struc-
modeling of dynamic SFM on ionic surfaces, which are cru-yre js unknown, this is impossible to achieve on highly sym-
cial for an unambiguous interpretation of experimental im-metric surfaces of simple cubic materials like N&EPrevi-
ages and for providing a complete interpretation of imagegus studies on the Cafl11) surface demonstrated that high
on surfaces such as CaF quality experiment and theory can be combined to provide
One of these assumptions concerns the tip atomistic struemambiguous interpretation for characteristic contrast pat-
ture. Common experimental procedures for tip preparationerns reproducibly obtained when scanning with a certain
often include AF¥ sputtering of oxidized silicon tips, and tip.*!” These studies established that the contrast pattern for
intentional or unintentional contact with the surface underthis system strongly depends on the atomic structure of the
study. Hence, tips can be covered by a native oxide, residuaip and on the tip-surface distance. Theory predicts that with
water, and/or constituents of the surface, and it has beea net positive electrostatic potential from the tip, images ex-
suggested to model tips by clusters of ionic material at the tighibit a triangular contrast pattern, characterized by the posi-
end’®'” An alternative model commonly employed in a tions of maxima over the fluorine ions, in quantitative agree-
number of theoretical studies is that of a silicon tip with onement with the experimental data. Here we complete
or two dangling bonds at the terminating silicon at§i?*  the study, and demonstrate that the two contrast patterns
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obtained reproducibly on this surface can be clearly exSection V is focused on modeling the interaction of a silicon
plained in terms of a change of the sign of the tip electrotip with the Cak(111) surface, and all the results are sum-
static potential. marized in Sec. VI. In the synopsis of the results we develop
These results do not prove, but strongly suggest, that the@ complete picture of the contrast mechanisms for this sys-
tip is covered by oxide or a CaFeluster, and support the tem, and also explore the limits of comparison .between ex-
idea that the sign and gradient of electrostatic potential of th@eriment and theory. Based on this understanding and using
tip are crucial for image contrast on ionic surfaces. This stillthe unique image features predicted and observed for this
leaves a possibility that the tip is terminated by pure siliconSystem, we establish Cgfl11) as areferencesurface and
To investigate whether this model could also explain the exiool for the calibration of tips in atomic resolution dynamic
perimental images of the Ca.11) surface, we carried out Scanning force microscopy.
extensive quantum mechanical calculations of the tip-surface
interaction. Results clearly demonstrate that a silicon tip II. METHODS
could be responsible only for one type of image contrast and
the silicon tip-surface interaction is not strong enough to This work is based on experimental and theoretical meth-
explain the observed image contrast. ods described previousfy® and in this section we only
Tip-induced surface distortion has been identified as amriefly revisit the main features relevant to the following
important component of the mechanism of contrast formadiscussion. Experiments were performed with a commercial
tion of insulator and semiconductor surfac&&l-23252,;t  scanning force microscope operated in the dynamic ’fode
direct observation of atomic displacements is impossible andnd in an ultrahigh vacuum system with a base pressure in
such theoretical predictions remain unconfirmed. However, ithe low 10° 8 Pa range. We used cantilevers with a resonance
has been demonstrated that atomic displacements strondisequency between 60 and 80 kHz, and a spring constant
depend on the tip-surface separation and their influence obetween 3 and 7 N/m. With respect to the dynamic mode of
image patterns should depend on the smallest tip-surface dithe force microscope, an important feature is that we scan in
tance in the course of tip oscillatiofisin this paper we constant height mode, i.e., at a fixed tip-surface distance with
present direct theoretical simulations of experimental dy-only slow adjustmenfiow gain in the distance feedback con-
namic SFM images of an ionic surface at different tip-trol loop) to compensate for an inclination between imaging
surface distances. Experimental results demonstrate a quatind surface planésimages are recorded in the forward and
tative transformation of the image pattern, fully reproducedbackward directions sequentially line by line during one
by the theoretical model. Theory shows that this transformaeomplete scan of the surface. The influence of the distance
tion is directly related to the character of tip-induced dis-and amplitude control loops has been checked by an ex-
placements of surface atoms, and this provides strong eviended series of measurements involving a systematic varia-
dence of the importance of ionic displacements in imagdion of scan speed and feedback loop gain. We found that
formation. none of the contrast features discussed here is artificially
The absolute tip-surface distance cannot be directly meareated by these loops.
sured experimentally, and generally it has been assumed that Simulations were performed with a model for all relevant
the shortest tip-surface distances achieved in dynamic SFlihteraction forces, includinguicroscopicchemical forces be-
are far from “hard contact.” However, notions of contact and tween ions or atoms at the tip end and surface ions, and
distance in this context are ill defined due to strong chemicamacroscopicvan der Waals force between tip and surface.
interactions and dynamic relaxation involved. In general, exElectrostatic forces due to work function differences, charg-
periments show that one needs to achieve a very small tighg and polarization were also explored, but were found to be
surface distance to resolve surface features. Previous modelegligible in this system in accordance with the experimental
ing suggested, however, that instabilities of surface and tiprocedure of compensating charges by a properly chosen
ions caused by the tip-surface interaction at short distancdsas voltage. We explore two types of tip models that require
can lead to tip contamination and image charfdemd that  different treatments of the tip-surface interaction. To model a
these effects depend on tip and surface chemical structuretsp covered by ionic material, such as a native oxide layer or
Again, a direct comparison of experimental images at differ-a Cak cluster adsorbed at the end of the tip, we use a 64—
ent tip-surface distances with theoretical simulation may hel@mtom MgO cube embedded into the macroscopic tip that is
to determine real distances involved in these measurementepresented as a conducting cone with a spherical ¥pex.
Results presented here demonstrate that strong displacemeiitse cube can be oriented with either a ¥gor O°~ ion at
of tip and surface ions can have reversible character and thtee apex, producing either a local positive or negative elec-
stability of the dynamic SFM operation can be preservedfrostatic potential at the tip end, respectively. This was pre-
even when approaching the surface to 0.275 nm. viously shown to qualitatively represent the potential of oxi-
To elucidate in detail the questions outlined above, wedized or contaminated silicon tips and ionic clustérand
discuss the experimental and theoretical methods in the Selsas demonstrated good comparison with experiment on sev-
Il, while in Sec. Ill we present results of simulations and eral system&:2%3°
experimental images mainly representing thé Csublattice In this model, chemical forces are calculated using a pe-
in contrast to our previous work focused on imaging the F riodic atomistic simulation technique and theArvIN2
sublattice*!” In Sec. IV we discuss the results of measure-code® The empirical parameters used for the tip, Cabir-
ments and simulations for different tip-surface distancesface and tip-surface interactions are the same as in Ref. 4.
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FIG. 1. (a) Simulated image an¢b) cross section for a tip with a negative electrostatic potential scanned at a height of 0.350 nm. The
white line in the image is along th€211) direction and indicates the position of the cross section. Labels refer to ions from different
sublattices. Fluorine ions in the upper surface layer are denoted as higin&[F(2)] and those in the third surface layer as low Bns
[F(3)]. The calcium layefCa1)] in between the fluorine layers is the reference plane for the tip height.

The surface periodic cell is a cubic cluster 06X 3 Cah IIl. STANDARD IMAGES

units, as in our previous workin the simulation, 44 atoms  previous studies considered only a full theory versus ex-
the surface where allowed to relax with respect to interjp at one tip-surface separatiéf? In this section the com-
atomic forces. o _ parison is extended to results for tips with negative termina-
_ Two distinctly different atomic image patterns discussedijon, as predicted by theory and now clearly observed also in
in this paper have been obtained reproducibly using d'ﬁerenéxperiment.

tips. Since these image patterns do not depend on the van der\ye first discuss properties of simulated images at a single
Waals contribution to the force from the macroscopic part of eight and compare them directly with experiment. Height

the tip, throughout this work we use the same parameters Yefers to the distance between the unrelaxed tip terminating

the van der Waals interaction between the conical macro- - .
. . atom and the unrelaxed €asublattice in the lower turning
scopic part of the tip and the surface. These have been ob-

tained by fitting our model to one set of experimental forcepom.t of the oscillation. Simul'c_lted i_mages discussed in this
vs distance curvd$2%in the long range interaction region, section were produced for a tip height of 0.350 nm. At this

assuming a Hamaker constant of 1 &¥%ef. 34 and a neg- height, the simulated contras't matches the experimental av-
ligible electrostatic contribution. erage contrast, demonstrating a comparable interaction
Although it is common experimental practice to bring tips strength. Note, howeyer, that _the_ interaction ranges strongly
into contact with the surface prior to measurements, carefullglépend on the true microscopic tip in an experiment, and any
prepared, clean silicon tips are also an option for imagindeferences to distance based on contrast at one height can
and might yield images of a different contrast, where the rolenly be considered as an estimate. The accuracy of height
of covalent tip-surface interactions are significant. Thereforegstimates will be developed in a later section.
it is useful to explicitly calculate the interactions of a clean  Figure Xa) shows a simulated image and scanline ob-
silicon tip with the surface. For this study we must use morgiained with a negative potential tip at a 0.350-nm height. The
complex theoretical methods to model the tip and tip-surfacémage demonstrates a clear circular or “disklike” contrast
interactions. These calculations have been performed usingith strongest brightness centered on the position of the
the linear combination of atomic orbitals bas@esta C&" ions in the surfacdCal) in Fig. 1]. The scanline
code®>3® implementing the density functional theory with shows that contrast is dominated by a large peak over the
the generalized gradient approximation, and the functional of€& " ion, with a much smaller peak in between the high and
Perdew, Burke, and Ernzerhof known as PBEore elec- low fluorine ions. The smaller peak is due to a minimum in
trons are represented by norm-conserving pseudopotentiaigpulsion between the tip and Fons; however, this peak is
using the Troullier-Martins parametrizatidhThe pseudopo- so small in comparison to the main peak over Ca that it has
tential for the silicon atom was generated in the electromo visible effect on the contrast pattern in images.

configuration] Ne]3s23p?, calcium in[Ar]4s?, and that for The domination of C& ions in the negative potential tip
fluorine in[1s?]2s?2p®, where square brackets denotes thecontrast pattern has two componeritsThe positive surface
core electron configurations. potential over the Cd ions has a strong attractive interac-

In the final stage of modeling, the microscopic and maction with the negative potential from the tip. Figur¢ap
roscopic forces are combined, and the cantilever oscillationslearly shows the domination of the attractive interaction
are simulated under the influence of the full tip-surface in-over the C&" ions. (i) As the tip approaches the surface, the
teraction as in earlier studié$.To match the experimental Ca* ions displace toward it and the Fons are pushed into
procedure, simulated images are calculated in the constattie surface. Figure (B) shows that, at 0.350 nm over the
height mode as outlined in the previous section. Ca1) site, the C&" ion displaces by 0.118 nm outward, also
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FIG. 2. Theoretical data from simulations with a negative elec-
trostatic potential tip(a) chemical force curves over the Ca and
high and low F atomic sitesb) full trajectories of atoms in a plane
as the tip follows thg211) scanline at a height of 0.350 nm. La-
bels C#l), F(2) and K3) are as in Fig. 1. The atoms shaded light
gray in the surface indicate initial positions of the most relevant ¥
atoms when the tip is over CB (leftmost tip position in figurg
whereas atoms shaded dark gray are final positions when the tip i
over H3) (rightmost position Note that trajectories of only the
bottom four atomgone G~ ion and three M§" ions) of the tip
have been included.
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forcing the high F ion outward. However, as the tip moves F¢ distance (nm)

toward the F2) site, the C&A" ion drops back to the surface
and the high F ion is actually pushed in by 0.027 nm. The  FIG. 3. Experimental images and scanlines recorded with an
low F~ ions[F(3)] are not displaced significantly from their asymmetric tip. The images have been recorded along forwaid (
equilibrium positions at this scanning height. Displacemengnd backward ) scanning directions. The frames on the right
of ions from the surface greatly increases the range of theepresent scanlines of the three equivaléZitl) directions, and
local surface electrostatic potentfaland increases tip- have been taken from the image in the backward direction. The
surface interaction. In principle, a displacement of the tipmeasurement was gained at a mean frequency detuning of
ions will also cause similar effects, however, the hardness of 146 Hz and with an oscillation amplitude of 35 nm.
MgO in comparison to CaFmeans that the tip ions do not
displace significantly. Note that in Fig(l® the atom trajec- peaks in cross-section 1 are broader and appear as split, un-
tories represent snapshots from a static simulation. In a redike that found in the cross-sections along the other direc-
experiment the tip will oscillate for many cycles at a giventions. Previous calculations of asymmetfiand rotatetf
position, and the average interaction is measured—hence tiégO tips demonstrated the sensitivity of contrast formation
modeling approximates this average interaction with a singl¢o tip orientation and structure. However, a detailed under-
static calculation at each tip position, rather than trying tostanding of the directional dependence of contrast in some
simulate the full dynamic process. images is beyond the current model, and is the subject of
In most experiments, the tip is not highly symmetric as itfuture study.
is assumed for simulation. Tip asymmetry often results in Careful tip preparation in the form of a repeated, gentle
atomic contrast differences in simultaneously recorded imeontact between tip and surface can lead to tips which have a
ages along forward and backward scanning directions, and faighly symmetric sensing cluster at the end. As an example
distortions within an image with respect to the real surfacgor a measurement with a symmetric tip, in Fig. 4 we show
symmetry. Figure 3 illustrates this case by showing imagesontrast patterns that are close to perfect in terms of the
for both scanning directions. These images clearly represeistandard image from Fig. 1. The recorded images along both
the main features predicted by simulations for a tip withscanning directions exhibit exactly the same contrast features

negative termination. The contrast details, however, diffeif bright ions appearing as disks, and along equiva(@hﬂ_)
significantly from the standard contrast pattern. Bright feadirections the same contrast features can be identified except
tures in the image of the forward directior>) appear as for minor discrepancies in the relative height of the smaller
sharp spots with an additional dark spot next to themmaximum.

whereas the image in the backward directien)(exhibits an We immediately see a clear qualitative and quantitative
apparent duplication of features and they seem to be morggreement between experiment and theory. The smaller peak
elongated and broader than those found in forward directioris predicted from modeling to appear at a distance of
The apparent distortion of surface symmetry can be seen ip.330 nm from the main peak over the’Casublattice. If we
cross sections along equivalgi11) directions taken from take over 70 experimental cross sections from images, we
the image in backward direction=) and displayed on the find that the average position of the small peak is 0.320
right side of Fig. 3. The shape and relative height of thex0.050 nm, in excellent agreement with theory. Further-
smaller peaks in between the large ones appear as signifirore, the predicted peak-to-valley contrast of 6 Hz is found
cantly different when cross sections 1, 2, and 3 taken inn experiments. Combining these results with the previous
equivalent directions are compared to each other. The largguantitative agreement for the triangular contrast pattern
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FIG. 4. Experimental images and scanlines recorded with a symmetric tip demonstrating “disklike” contrast. The images have been

recorded in forward #) and backward €) scanning directions and the scanlines have been taken along the three equ(@albnt
directions(1), (2) and(3) from both images. The measurement was gained at a mean frequency detunig bfz and with an oscillation
amplitude of 48 nm.

demonstrates that full interpretation has been achieved fdahat the small chemical forces acting at this tip-surface dis-
the two contrast patterns consistently seen in atomically retance could be detected by room temperature experiments.

solved images of Cagfl111). As the tip approaches the surfd€ggs. 5e) and 5f)], theory
predicts that the triangular pattern becomes more vivid, as
IV. DISTANCE DEPENDENCE OF CONTRAST seen in the experimental images. At a 0.275-nm tip height,
FORMATION simulated images develop the honeycomb contrast pattern, as

shown in frame(g), that nicely corresponds to the observed

Since we have demonstrated both qualitative and quanteontrast in the closest approach experimental image Fig.
tative agreement between experiment and theory at a certafic). In frame(h) corresponding to a 0.250-nm tip height, the
tip height, it is interesting to explore whether agreement ishoneycomb pattern develops some internal structure, how-
preserved for a range of heights. Figurdg)55(c) show  ever, this will most probably not be accessible by experiment
experimental images at increasing average frequency detuas tip instability is expected to occur for this small tip-
ing i.e., reduced height. Figuresab and 8b) clearly show surface distance.
the triangular contrast characteristic of imaging the fluorine Further agreement between experiment and simulation
sublattice, although slight variations in image contrast can bean be seen by comparing the systematic change in experi-
seen in both frames. Persistence of this pattern in experimemiental and theoretical scanlines upon reducing the tip-
tal images obtained under different conditions shows that theurface distance. Figuresab and 6b) show that for large
triangular contrast pattern is not a unique feature seen only aip-surface separation, both experimental and theoretical
a specific height, but is rather a distinct pattern related to theurves exhibit the large peak/small shoulder feature charac-
sign of the tip potential. However, in the image correspond+eristic for the triangular contrast pattern. However, as the tip
ing to closest approach, we see that the contrast pattempproaches the surface, the magnitude of the shoulder in-
changes considerably. Figuréchshows a honeycomb pat- creases until, for scanlines from the honeycomb images, it is
tern, with all F~ sites now completely linked in bright con- clear that the shoulder is at least equal to the original main
trast. peak. In fact, scanlines from experimental closest approach

To understand whether this very distinct change in conshow that the shoulder is larger than the main peak, a feature
trast could be explained within the same model as discusseahich occurs in the simulated scanlines at a distance of
in Sec. lll, we performed further extensive modeling. Figures0.250 nm. Also note that, despite the simplistic tip model,
5(d)-5(h) show the development of contrast in simulatedthe magnitude of contrast as a function of distance in experi-
images as the scanning height is reduced. Figude &em-  ment and theory agrees well. Over an experimental average
onstrates that even at the very large distance of 0.500 nm trgetuning change of -19 HFigs. §a)—6(c)] the average con-
triangular contrast pattern is present. It is unlikely, howeverfrast changes from about 4—10 Hz, whereas theory predicts a
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FIG. 5. (a)—(c) Experimental images taken as the tip approaches the syRate4) by increasing the mean detuning 121, —127, and
—140 Hz).(d)—(g) Simulated images at 0.500, 0.375, 0.325, 0.275 and 0.250 nm using a positive potential tip. The scale of the images is
shown in Fig. 6.

change from 4-7 Hz contrast for a change of -26 Hz in0.400 nm, the curves are as one would expect them, i.e., we
average detuninffFigs. 6e)—6(h)]. This suggests that there find repulsion over the positive €& ion and attraction

is good correspondence in the increase of strength in inteabove the F ions. Note, however, that when the macro-
action as a function of distance. scopic van der Waals interaction is includéuk overall tip-

A more thorough understanding of this agreement in consurface interaction is always attractives is required for
trast development requires studying in detail the changes istable dynamic SFM operation. From the ionic interaction,
forces and atomic displacements as the tip approaches thee find some attraction over the low FHon and stronger
surface. Figure (&) gives the chemical force over the rel- attraction over the high F ion. Moving closer than
evant sites in the CaFsurface as a function of distance for a 0.400 nm, we observe that the attraction over the high F
tip with positive termination. For distances larger thanions reduces and increases over the low &ites, until
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' o d is this equivalence which produces the characteristic honey-

(@) 02 N ) comb contrast pattern.

o3 Simulated images produced at tip-surface distances lower

* / ] than 0.275 nm actually predict that a quasitriangular contrast

\ pattern will reappear; however, the orientation of the tri-
angles would then be reversed. Interaction over the low F

/\Kﬁ(e) sites would dominate, and it is over the high &ites that the

w/ smaller shoulders would appear. As yet this type of contrast
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/ V. IDEAL SILICON TIP
] In this section, we extend the discussion to a nonionic tip,
2

which is modeled by pure silicon. On more reactive, semi-

03

00 05 10 15 20 conducting surfaces, it has been shown that for a pure silicon

/’\ ] )/ tip, contrast is dominated by the onset of bonding between
1 15 2

dangling bonds in the tip and surfat&*?and such bonding

was recently explored in detail experimentdflyHere we

explore how this kind of tip interacts with an ionic surface.
To represent a pure silicon tip, we use a ten atom silicon

); cluster, with its base terminated by hydrogen. This has been
//\ / shown previousi??? to provide a good model of a clean
0.5/ 1 \/I.S \2/ ]

o A . ©)]
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silicon tip with a single dangling bond at the apex. The
smaller size of the silicon cluster compared to the MgO cube
allows us to use a correspondingly smaller surface size, and
. . . the crystal is here simulated by a cluster 0£4x3 Cahk

FIG. 6. Comparison ofa)—(c) experimental andd)—(h) simu-  ypjts. The bottom two layers of the tip and the top two layers
!ateq scanlines taken at the positions of white lines from the imagess the surface are allowed to relax with respect to atomic
in Fig. 5. forces, as in the previous simulations.

Figure 8 shows calculated tip-surface forces as the silicon

around 0.320 nm the greatest attraction is now over the lowip approaches the €4, high F, and low F sites in the
F~ site. This behavior can be understood by looking atCaF, surface. It is clear that contrast in images with a silicon
atomic displacements as the tip approaches. At 0.350 nriip would be dominated by interaction with the high Bub-
there is strong displacement of the high Bn[F(2)] toward lattice, and to a lesser extent the low FKublattice. The
the tip [see Fig. )], producing a very strong attractive interaction with CA" is much weaker, and enters repulsion
interaction, however, as the tip moves closer, thisién is  at larger tip heigh{about 0.330 nm) than over the Fsites
driven back into the surface and the force is reduced. Fram@bout 0.250 nm). The interaction between the tip and the
(c) shows that the high Fion has been pushed effectively F~ ions is due to the onset of covalent bonding between Si
back into its original lattice position at a tip-surface separa-and F, involving charge transfer from the Fions into
tion of 0.250 nm. However, when the tip is over the lo@@F bonding states. At a 0.300-nm tip height, the charge transfer
site, we see very little movement of the closest highién, is 0.1& for the high F ion, but only 0.02 for the low F
but in fact, aided by the proximity of the €aion, thereisa ion (based on Mulliken population analy&ls Over Ca,
much smaller barrier for displacement of the high oen  there is no charge transfer until small heightsbout
from the next nearest rofion F4)]. Frame(d) shows how 0.300 nm), where charge is actually transferred from the
the next nearest high'Hon displaces very strongly to the tip neighboring high F site to the tip. However, at this point the
at 0.325 nm when it is over the() site. tip has already entered the repulsive interaction region and

In summary, at a distance of 0.500 nm the interaction withthe effect is negligible.
the high F atom dominates, and we see only relatively If we now compare the silicon tip force curves with those
small shoulders in scanlines over the low §ites. As the tip  in Fig. 7(a), we see qualitatively the same behavior in the
approaches, the nearest high Bn is pushed into the sur- range between 0.300 and 0.500 nm: a very weak interaction
face, reducing its dominance, and the interaction with thébeyond 0.450 nm, the largest interaction over high Ehe
low F~ and the next nearest high Fon increases the rela- weakest interaction over &4, and low F somewhere be-
tive size of the shoulder. This corresponds to the increasintveen. Note that the onset of repulsion over the Caite
vividness of the triangular contrast pattern in images. Finallyeven occurs at qualitatively the same position as in Fig), 7
the contribution from the high Fion is balanced by the at the maximum in attraction over the high Fsite. This
contribution from the low F /next high F ion, and the agreement implies that a pure silicon tip could only produce
main peaks and shoulders are equivalent in scanlines, andat triangular contrast pattern, as for the positive potential
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FIG. 7. Theoretical data from simulations with a positive electrostatic potentiglighemical force curves over the Ca, high and low
F atomic sites; full trajectories of atoms in a plane as the tip follows(#ig) scanline. The tip-surface distances &g 0.350 nm, (c)
0.250 nm, andd) 0.325 nm. Labels Ga), F(2), and F3) are as in Fig. 1. The atoms shaded light gray indicate initial positions of the most
relevant atoms when the tip is over (@p(leftmost tip position in figurg whereas atoms shaded dark gray are final positions when the tip
is over K3) (rightmost position F(4) is a high fluorine atom out of the plane, but its trajectory has been projected on to the same plane as
the other atoms for clarity. Note that trajectories of only the bottom four atems Md¢ " ion and three & ions) of the tip have been
included.

ionic tip at medium to long range. At smaller ranges, the Comparing the magnitude of force curves for the two dif-
differences in force for the ionic tip are due to the strongferent tips, we recognize immediately that the force between
displacements induced by the tip approach, in agreemerst pure silicon tip and the CaFsurface is much less than for
with experiment(see Sec. IY. Note that, for the silicon tip, a positive potential ionic tip. At first sight, one might expect
interaction forces are considerably smaller than for the ioni¢hat there is a strong interaction between Si and F, as F is a
tip and, therefore, displacements for a pure silicon tip arevery reactive species. However, in this case we are effec-
much smaller. Over the €4 ions, there is almost no surface tively dealing with F ions with a full outer shell, not atoms,
ion displacement until very small tip-surface separationsand there is no possibility of the large charge transfer char-
when the C&" directly underneath the tip is pushed in. Over acteristic of Si and F interacting in atomic form. If we cal-
the high F site, at 0.350 nm the Fion under the tip is at a culate the maximum possible contrast for a pure silicon tip
maximum displacement of 0.040 nm toward the tip, beforemaging Cab, it is about 2 Hz—several times smaller than
being pushed back in. There is no significant displacement dhat seen for simulations with an ionic tip, and, more signifi-
the low F, or any atoms not directly underneath the tip.

Due to the softness of the silicon tip in comparison to the — r .

ionic MgO tip, tip atom relaxations play a more significant 0.4f‘\\‘ T
role in the interaction. Over the high Rhere is no signifi- _ 02k -- F (high)||
cant displacement of the apex Si atom toward the surface, TN ~ F (low)
but at a 0.300-nm tip height it is displaced by 0.025 nm into 2 0 =

the tip due to strong repulsion from the proximity of the.F 8 020 N

Over the C&" ion a similar process occurs, but the tip apex 2 N

displacement at the same height is only 0.010 nm. These tip 0.4+ - . .
atom relaxations slightly reduce the overall tip-surface inter- o 0‘;;" ‘ o

action, but would have no significant influence on images
due to their short-range and small magnitude. However, it is
possible that for other, even softer, tips, this contribution
could be relevant in contrast formation.

0.4
distance (nm)

FIG. 8. Simulated force curves taken over the Ca, high and low
F sites in the Caf~(111) surface with a pure silicon tip.
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cantly, in experiments. This is a consequence of both thenentally as a strong confirmation of this model, and of the
weaker attraction to the Fions, and the lack of medium- existence of ion displacements. Note, however, that the simu-
range repulsion over G4 ions, reducing the overall con- lations are performed at 0 K, and the real displacements of
trast. the tip and surface atoms will depend on temperature. The
dynamic picture would be much more colourful, similar to
VI. DISCUSSION that discussed in Refs. 24, 27, and 41, although it may not
) ] . give any deeper insight into the contrast mechanisms. It is
Although interpretation of dynamic SFM measurementsy|so interesting to note that the complex surface deforma-
remains far from trivial, we have shown that by combiningtjons seen with an ionic tip are not present for a silicon tip.
experiment and theory a significant understanding can bgstead we observe stronger tip atom displacements at short
achieved even from simple models. By representing two extip-surface distances.
ample ionic tips, with opposite signs of the electrostatic po- e should also note that thab initio results obtained
tential at the apex, it is possible to interpret a wide variety ofith the silicon tip are, to our knowledge, the first of this
contrast patterns seen in different experiments, with differengind on ionic surfaces—they demonstrate a quite significant
tips and at different scanning heights. The agreement seen, flectron density transfer between the tip and the surface con-
contrast patterns and contrast magnitude, between theory aghuting to the strength of the tip-surface interaction. This
experiment as the tip approaches the surface, encourages {Rgeresting and important result should be much more pro-
use of theory as a reference for distance in experiments. Ahgunced on other surfaces with smaller band gaps, @af
though utmost accuracy will always depend on a precisgne of the widest band gaps of about 12 eV, and hence a
modeling of the tip, the distance dependence of surface dggatively large band offset of the fluorine valence band and
formations and contrast patterns can be well reproduced witthe conduction band of silicon. Most insulators have much
simple tip models. o o smaller gaps and band offsets, and are expected to exhibit a
An overall comparison of the ionic and silicon tip models much Jarger electron transfer. This, in turn, should lead to
suggests that the ionic tip model clearly provides a moreyych stronger tip-surface interaction. For thin insulating
consistent agreement with available experiments on th@ms on metal substrate this effect can be controlled by an
Caky(111) surface. In particular, the magnitude of possiblegpplied voltagé? and, therefore, it might be extremely inter-
contrast predicted with the silicon tip is much smaller tha”esting to study the voltage dependence of image contrast on
seen in experiments. In additions, the nature of the silicogpege systems using conductive silicon tips.
force curves implies that only the triangular contrast pattern ringjly, we point out that the unprecedented level of de-
could be imaged with the same tip. Tip contaminatioy,  tajled understanding of dynamic SFM imaging of the
for example, fluorinpwould be req_uir_ed to (_axplain disklike CaR(111) surface and the relative ease of its preparation
(and othey contrast patterns. This is an important result,syggests that it can be used as a reference for determining tip
since the experimental practice of using unsputtered tips a”ﬁolarity, studying molecular adsorption and manipulation.
bringing them into contact with the surface before imagingTne proposed interpretation of two types of images for the
surely prohibits a clean silicon tip in most cases. A theoreti-CaE(lll) surface can also be used to determine the chemi-

cal modeling demonstrates that the sign of the electrostatigy) jgentity of imaged features on other surfaces with similar
potential of the nanocluster at the tip apex is crucial in derycturetl

termining the contrast pattern.

Assuming the validity of the ionic tip model, we observe
strong displacements of the surface ions, which significantly
contribute to image contrast formation. These displacements This research was supported by the Academy of Finland
are of the order of the tip-surface separatiolefined with  through its Centres of Excellence Prograi2000-2005.
respect to the frozen tip and surfacaready at relatively A.S.F. wishes to thank the Center for Scientific Computing,
large tip-surface distances of about 0.350 nm. This blurs thélelsinki for use of its computational resources, and Young-
notion of tip-surface distance and suggests a much more dy}loo Lee for help with calculations. The authors wish to thank
namic picture of the contact area. We consider the very goodoyoko Arai, Roland Bennewitz, and Werner Hofer for
agreement of different image patterns at different frequencgtimulating discussions and for critical comments on the
detuning values predicted theoretically and obtained experimanuscript.
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