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We analyze the mechanisms of contrast formation in noncontact SFM imaging of ionic surfaces and calcu-
late constant frequency shift scanlines of the perfect surfaces of NaCl, MgO, and LiF. The noncontact scanning
force microscopy(SFM) operation is modeled by a perturbed oscillator using atomistic static and molecular-
dynamics techniques for the force-field calculations. The electrostatic potentials of silicon tips contaminated by
various atoms and that of a MgO tip are calculated using a periodic density-functional {tBéary method.

Their analysis demonstrates that the presence of polar groups or chemisorbed species, such as oxygen atoms,
makes the electrostatic forces acting on the surface ions from the Si tip one of the most important contributions
to the image contrast. The (Mgg)cube model of the nanotip was found to be representative of a wide class

of polar tips and used in the image calculations. The results of these calculations demonstrate that the contrast
in noncontact SFM imaging of ionic surfaces is based on an interplay of the electrostatic and van der Waals
forces. The main contributions to the contrast formation result from the interaction of the tip with the alter-
nating surface potential and with the surface polarization induced by the electric field of the tip. The results
emphasize the importance of the tip-induced relaxation of the surface ions in the tip-surface interaction and in
image contrast. The noncontact SFM image of thé Mgation vacancy defect on the LiF surface is calculated

using the same methofiS0163-182¢99)08803-7

I. INTRODUCTION technically difficult to fulfill since the tip-surface distance is
unknown and the distance range of stable NC-SFM operation
Noncontact (NC) scanning force microscopySFM)  With meas_urable'contrast is ir} many cases very narrow. Im-
(Refs. 1-6 is a rapidly developing branch of dynamic-force @ges obtained with this technique are deemed to be close to
SFM/~° which also includes the “tapping” mode recently “true” atomic resolution due to several observations of

: 6,15 o
discussed in Refs. 10 and 11, and other novel developmentiaP!e point defects’ dThereflgre, a sl'grogglj effort .tg Im
(see. for example, Refs. 12_1NC-SEM has been success. PlOVe the technique and to make it applicable to a wide range

ful in obtaining atomic scale images of (§11) 235 Inp 3 of insulators continuessee, for example, Refs. 14 and)18

: A Py . Part of this effort is the development of a theoretical model
TiO, (Ref. 19 and several alkali halid€s®in UHV. In this  at aliows interpretation of experimental imagés?
SFM technique, the cantilever oscillates with large amplitude Theoretical modeling of NC-SFM includes two main

and information regarding the surface properties is retrievedomponents:(i) modeling of cantilever oscillations using
from analysis of frequency or amplitude changes of thesgnown tip-surface forcesiii) calculation of these tip-
oscillations due to the tip-surface interactfolt:'’ Although  surface forces. The first problem has been considered
the first NC-SFM atomic scale images of(Eil) were ob-  in detail in conjunction with the “tapping” mode of
tained a few years adoreliable imaging has only been re- SEM operatioh”*?°?*and recently with respect to NC-
cently achieved, and the number of systems studied usingFM'1"1° However, the chemical component of the tip-
this technique is still very limited. Part of the problem is thatsurface interaction that is responsible for adhesion, and in
if the tip-surface interaction is too strong or changes sign, thenost cases the contrast formation, is difficult to quantify
cantilever oscillations may become unstable and the tiithout atomistic modeling of representative systems. In par-
crashes into the sample surface. This implies that there atiular, calculation® have demonstrated that the onset of
two conditions necessary for imagin@) there should be no chemical bonding between a dangling bond localized at the
strong long-range interactige.g., electrostatic forces due to end of the tip and the dangling bonds on the adatoms of the
the surface charging (i) even at the closest tip-surface Si(111) surface could contribute to the contrast formation. A
separations, the tip should still be far enough from the suredetailed study of NC-SFM operation including an analysis of
face to avoid strong adhesion. The first condition puts coneantilever oscillations and the van der Waals and short-range
siderable restrictions on the surface preparation because &lirces has been performed by Giessitimple calculations
insulating surfaces cleaved in UHV are charged and requiref NC-SFM images of a model cubic lattice were performed
additional treatment to eliminate it. The second condition isn Ref. 23.
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However, detailed mechanisms of contrast formation araing the surface in thay plane, e.g., at constant cantilever
still unclear. One of the reasons is related to the unknowmmplitude and keeping the frequency shift constant by con-
structure of the end of the tip. Moreover, most of the experitrolling the equilibrium position of the cantileven.366
mental papers admit that NC-SFM is prone to instabilitiesOther modes, such as constant reduction of oscillation am-
resulting in tip contamination due to contact with the surfaceplitude, are also usetlFor interpretation of these images, a
leading to variations of the atomic structure of the tip knowledge of the relationship between the tip-surface forces
apex*>16 Apart from purely technical reasons, these insta-and the detected parameters of the cantilever oscillations is
bilities in NC-SFM operation could result from the onset of required. This issue has been treated in recent
adhesion avalanche of the surface or tip atéfi€ How-  publications>!*7 If the tip enters the repulsive part of the
ever, the role of this effect in NC-SFM has not been properlyinteraction and probes elastic surface properties, called “tap-
understood. The analysis of the NC-SFM image afLEl) ping mode,” the tip-surface force can be linearized and the
made in Ref. 5 led the authors to suggest that the imagequations describing cantilever oscillations can be solved
contrast could be due to variations in the relaxation of theanalytically?* When the attractive part of the interaction is
outermost surface atoms due to their interaction with the tipprobed, the tip-surface forces are strongly nonlinear and the
The importance of relaxation of surface ions in contact modesquations of motion of the cantilever can be solved
SFM has been demonstrated in Refs. 29—-31. As we will seaumerically* or using perturbation theofy. In this section
below, this is also one of the key effects that determine theve discuss the numerical method used in this paper to de-
image contrast in NC-SFM on ionic systems. scribe the cantilever oscillations for given tip-surface forces.

In this paper, we study the mechanisms of NC-SFM im-Combining this with the model of the tip structure comprises
aging of ionic surfaces, such as alkali halides and MgO. The@ur model of NC-SFM.
alkali halides are easy to cleave and in many respects they
have been treated as model insulators in SFM
studiest®323% MgO is a prototype oxide with many appli-
cations as a substrate and in catalysis; however, flat surfaces The oscillations of a cantilever driven by an external force
of MgO are much more difficult to prepare. It has the sameF,,,in a force fieldF(z) can be described by the equation of
structure as alkali halides, which allows useful comparisormotion:
between the two materials. Our discussion is focused on

A. Model of cantilever oscillations

three key aspects: First, we discuss a tip model and simula- Y 2 2
tion of NC-SFM operation. Then the role of avalanche adhe- 54 TO az+ wiz— ?0 F(z+h)= ,:extTO,
sion in the tip-surface interaction is considered in conjunc-

tion with the stability of NC-SFM operation. Finally, we
analyze the mechanisms of contrast formation and resolutiowhere w,=2#f, andk are the resonance frequency and the
through modeling NC-SFM images of perfect surfaces angpring constant of the cantilever respectiveljis a damping
of a point defect at the LiF surface. coefficient, anch is an equilibrium position of the cantilever
The interactions between tips and surfaces at large disasbove the surface in the absence of the tip-surface interac-
tances important in NC-SFM on ionic crystals include thetion. In this paper, we are concerned with interpretation of
van der Waals and electrostatic contributiéh®* The latter  stable NC-SEM images obtained at constant amplitude and
includes the Coulomb interaction between the tip and surconstant frequency charfy€ in UHV. Therefore, we as-
face, contributions due to tip and surface polarization and igume that any damping is completely cancelled by the exter-
mostly responsible for the image contrast. Our approach is tfal force, which has a frequency equal to the eigenfrequency
consider one tip and several surfaces which have the samg cantilever vibrations, and that(z) does not depend on
structure but differ in terms of their interaction with the tip time. Then solutions for the cantilever oscillations can be
by two parameters—effective ionic charge and lattice confound from the more simple equation:
stant. LiF and MgO have very similar lattice constants but
different charge; LiF and NaCl have similar charge but dif-
ferent lattice constants. In Sec. Il we discuss the model of
NC-SFM operation and the tip structure. The methods used
for calculating forces between the tip and the surface are

discussed in Sgc. I, the_ results of our modeling are given ing giscussed below, the conditiéi(z) # F (z,t) holds if we

Sec. IV, and discussed in Sec. V. assume that stable imaging does not involve trapping of the

tip and surface ions by the surface or the tip. If the charac-

teristic times of ionic jumps between the tip and surface are

comparable to the cantilever oscillation period, the above
In NC-SFM, a cantilever oscillates with large amplitude condition is not valid.

near its resonance frequency, and, by applying special con- As the cantilever motion is periodic, we can search for a

trol strategy, the tip is held in the attractive part of the inter-solution of Eq.(1) in the form of a Fourier series for the

action even at the closest tip-surface distance. When the tipscillator coordinate:

is approaching the surface, this interaction affects the canti-

lever oscillations and the resulting frequency shift as a func- o

tion of lateral tip position, averaged over many cantilever 2(t) = 2 A,cog2mfnt). )

oscillations, can be determined. An image is created by scan- n=0

2
w
7+ wiz— ?" F(z+h)=0. (1)

Il. MODEL OF NC-SFM
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It is convenient to use a dimensionless time 2=7ft and
frequencyQ =f/f,. Substituting Eq(2) into (1) and using
these new notations, the following equation of motion is ob-
tained:

Cantilever

o Region II
21 [1—(nQ)2]Ancos{nr)+Ao—% F(z+h)=0. (3

To find Q, A,, n=0,2,...¢2, for givenA,, h, andF(z), we Nano-tip —
multiply Eq. (3) by cos{r) and integrate the result over the
period of main frequency=[0,27]. In this way, a system
of nonlinear equations foA,, n=0,2,3,...n, is obtained,
which is approximate for finiten:

2m
F(z+h)dr=0,

AO_ 27k 0
(4)
2m
f F(z+h)cognr)dr . )
0 FIG. 1. A schematic of the SFM tip and a snapshot of a repre-
An— n2 (2= =0. sentative atomic configuration of the MgO nanotip interacting with
ak—mwkn?+ — j F(z+h)cog r)dr the LiF surface. The tip is modeled by a cone with angland a

A1 Jo sphere of radiuRR at the end. The nanotip is embedded at the

. . bottom of the sphere. Note the strong displacement of the Li ion
If we designate the left-hand side of EQ4) as  fom the surface towards the tip.
dn(Ag,As,...), one camewrite this system of equations in a

more compact way: B. Tip model

To calculate the van der Waals interaction between the tip
Ag Ay,..)= =0,2,3,... . i -
$n(Ao.Az,-)=0, n=023,..m, and the surface, a knowledge of the tip macroscopic shape is

and solve it using a modified Newton method. First, we seféquired. Expressions have been derived for the van der
all A, exceptA, to zero. For each iteration the values of Waals interaction between macroscopic tips of different

increments{AA;} can be obtained by solving the equation Shape and plane surfaces as a function of the Hamaker con-
stant, geometric parameters of the tip and the distance be-

de, m do tween the end of the tip and the surface plasee, for ex-
—L ARGt D, = AA=—¢,. (57 ample, Refs. 17, 35, and B&However, the latter distance is
dAg =2 dA not well defined on an atomic scale. To avoid significant
However, the iterative procedure built in this way is often errors at short _distances and at hard tip-surface contact, the
. ' . . van der Waals interaction between the tip and surface atoms
?é;’e;?:nl}égge;ﬁr;r?ot?ien ('jn;resrgg'?gfé}irgg%Eeqrggn;tl)zs%lutén the contact area should be considered atomistically. The
. CooE chemical” forces between these atoms and the surface at-
values .Of the mcre_:men{s&Ai} are calculated by minimizing oms are largely responsible for the image contrast. There-
the residual function fore, the tip in our calculations is divided into two pa(sge
Fig. 1: (i) a macroscopic part, an@) an atomistic part at

m
_ 2 the end of the tignanotip. The macroscopic tip is modeled
q)()\)_zo ¢H(AD ©® by a cone with a sphere of radi®&embedded at the end, as
shown in Fig. 1. However, a reliable model of the nanotip is
with respect to the parameter where much more difficult to generate.
In our previous SFM modelirf§?°~**we used a MgO
(ADk=(ADk-1 T NA(Ak-1- cluster as a nanotip model. It is a good model of a hard oxide

. . ) ) tip, which has the important advantage that there are reliable
In the latter equatiork stands for the iteration number and  nteratomic potentials for the interaction between MgO and
is the index of the unknown coefficient. Finally, the fre- gikali halides and other oxides. On the other hand, most of
quency of cantilever oscillations in the presence of the interhe commercial cantilevers are microfabricated from silicon

action, (), is obtained as and are covered by a native oxide layer. This layer is thought
1 , to be removed in some experiments by sputtering witfi Ar

A g ions. However, the chemical structure and geometry of the
=1 KA, jo F(z+h)cogr)dr. ™ very end of the tip is practically impossible to control. There-

fore, any nanotip model can only be justified based on cir-
We should note that similar formulas were obtained in Refcumstantial evidence and on comparison of calculated im-
17 using perturbation theory and a particular expression foages with experiment. Some factors that may help in the
the forceF(2). generation of a realistic model of the nanotip structure are as
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follows: the silicon nanotip should display the characteristic One can see that the adsorption of the hydrogen atom
features of the most stable($11) (7% 7) surface; it may does not significantly affect the tip potential. However, the
have some residual oxide layer or oxygen adsorbed on it; i@dsorption of a polar OH group produces a much more ex-
can be contaminated by residual hydrogen or water from théended potential which spreads on ab2\A from the termi-
vacuum chamber; and it can also be contaminated by theating H atom{Fig. 2(d)]. The strongest electrostatic poten-
surface material. tial is produced by the tip with the oxygen atom adsorbed on

To check the feasibility of a simple MgO tip model, we the adatom sitésee Fig. 2e)], which is caused by the strong
have studied silicon tips with various contaminants. Theflectron density flow from the nearest silicon atoms to the
most important component of the tip-surface interaction with®XYgen. Comparison with the electrostatic potential pro-
ionic surfaces at long distances in NC-SFM is the electrostaiduced by the oxygen corner of the (Mg@xube shown in
ics. Therefore, as a criterion for comparison of different tips,Fi9- 2f) demonstrates strong similarity between the two. The
we used the gradient of the electrostatic potential produced &fective ionic charges in the cube are closetd e (eis

low-coordinated tip sites that are likely to serve as probestn® electron chargeand therefore the potential at the cube
The full details of these calculations will be published corner should be stronger. At distances exceeding 3.0 A from

elsewheré’ Here we present a brief summary of the resultsth® corner ion, the absolute values of the potential are af-
relevant to this study. fected by interactions with other periodically translated
The calculations were made using the periodic DFTCUbes. Nevertheless, one can see that the potential gradients

method based on the Car-Parrinello technidflia,which the ~ Produced by the $i-O cluster and the MgO cube corner are
total energy of the system is minimized with respect to theSimilar.

plane-wave coefficients of the occupied orbitals. We used the These results demonstrate that the Si and Si-H tips are
vAsP codé®*® where the “soft” Vanderbilt pseudo- unlikely to have a strong electrostatic interaction with ionic

potentialé“2 are implemented. The method employs thesurfaces. The electrostatic contribution in this case may
generalized gradient approximatiofGGA) functional of =~ come from the polarization of the tip by the surface electrl_c
Perdew and Warid* known as GGA-Il. The calculations field>® However, the presence of polar groups or chemi-
were performed for a periodic arrangement of clusters sepai©rbed species, such as oxygen atoms, makes the electro-

rated by large vacuum gaps and using a periodic slab modéfatic forces acting on the surface ions from the tip much
for surface calculations. stronger. As we will see below, gradients of these forces can,

To have a practical tip model for tra initio calculations in some cases, be measured at the tip surface separations as

of the tip-surface interaction, we assumed that the adatom{@'9€ as 4.5-6.0 A, which is very important for really non-
which are the most protruding of the surface atoms, are modptrusive tip-surface interaction. In'th!s distance range, the
likely to serve as the probe species. A surface adatom can B&190)s> cube model of the nanotip is representative of a
well represented by a i clustef or by a smaller Sp, vv_|de class of polar tips and will b_e us_ed throughout f_urther
cluster?246 To check whether this really is a representatived'SCU_SS_'O”; This _allows us to obtain r(_ellabl_e results using _the
model for the Sil11) surface, we have calculated the geo_atom|st|c simulation techniques described in the next section.
metric and electronic structure, and the electrostatic potential
for the (5X5) surface reconstructidi. The latter is the
smallest model containing the same basic structural features
as the (% 7) reconstructiod’ The electrostatic potentials Tip-surface forces have been reviewed in several
near the adatom on the($11) surface and that produced by publications’®°*~>*Some of them, such as the long-range
the Sigq cluster are shown in Figs(&® and 2b). As one can electrostatic forces due to surface charging after cleavage
see, despite the surface polarization by the low-coordinatednd patch charges, are in many cases so strong that high-
atoms, the electrostatic potential in both cases decays verngsolution imaging is impossible. This problem is most acute
quickly. We should note at this point that since the electrofor alkali halides and oxides cleaved in vacuum. It can be
static potential was calculated in the periodic model, it issolved by heating the samples or by using thin films grown
defined only up to a constant that is different for differenton metallic substrates. We assume that if high-resolution im-
systems and periodic cells. Therefore, strictly speakingaging is achieved, these long-range electrostatic forces can
meaningful comparison can be made only in terms of potenbe neglected. In UHV, the forces that are mostly responsible
tial gradients, although in some cases the absolute values €dr the image contrast are determined by the ‘“chemical”
the potential are also well defined. interactions between the tip apex and the surface atoms. To
To compare different plausible tip models we also considtreat these interactions, we employ classical static atomistic
ered Si tips contaminated by several species. In particulagnd molecular dynamics techniques. The molecular-
water is known to dissociate to the hydrogen atom and OHlynamics technique allows us to take into account the effect
radical on the Si surfac®. Therefore, we considered the sili- of temperature on the dynamics of ions especially in the
con tip with these species adsorbed on the adatom site, whiglegion close to the avalanche adhesion where the barriers for
is known to be the most reactive surface 4t@o model the ionic jumps are small. The schematic model used in our cal-
residual oxide and silicon tip contamination by oxygen dueculations is shown in Fig. 1. The nanoasperity at the end of
to contact with an oxide surface, an oxygen atom was adthe tip and several upper surface layers are treated atomisti-
sorbed on the tip adatom. Test calculations for thg &d  cally as described below.
Siyg clusters with adsorbed species gave very similar results. For static calculations we employed the atomistic simula-
Therefore, the electrostatic potentials calculated for thg Si tion technique® implemented in the1aRVIN computer code,
cluster only are presented in Figgc2-2(e). which is fully described in Refs. 27 and 55. The tip and

IIl. CALCULATION OF FORCES
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FIG. 2. Sections of the electrostatic potential calculated for several silicon structures afdg®g;, cube using the periodic DFT
method. The scale on the axes is in angstroms and the units of the contours ardjBe&hdC represent equivalent atoms in the Si surface
and Si, cluster; atomA is the adatom(a) The adatom site on the reconstructe(l$l) (5x5) surface(b) the adatom modeled by the;§i
cluster;(c) the hydrogen atom adsorbed on the Si adatom in thecBister;(d) the OH radical adsorbed on the Si adatom in thg Suster;

(e) the oxygen atom adsorbed on the Si adatom in thgcBister;(f) the oxygen corner of théMgO),, cube; the potential is shown in the
plane that includes th€11) cube axis through the oxygen tip ion. Note thaf(lm the section is made in the symmetry plane, whereas in
(c)—(e) the section is through atom#sandC, and the adsorbed species.
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surface ions were treated by the ionic model. Electronic poperfect LiF, NaCl, and MgO surfaces are presented, and fi-
larization of ions is incorporated via the Dick-Overhausernally we consider an image of an impurity defect at the sur-
shell modeP’ in which an ion is considered to consist of a face of LiF.

core connected by a harmonic spring to a massless shell, i.e.,

the ion consists of two separate particles. The total charge of A. Role of avalanche adhesion in the stability of NC-SFM

the ion is split between the core and shell. This partition and operation

the harmonic spring constant determine the magnitude of the
ionic polarization. All the ions in these calculations had their
full formal charges and only polarization of the anions, F
Cl~, and G~ was taken into account. To calculate the elec-
trostatic energy, we have exploited the algorithm of Heyes
Barber, and Clarke® Buckingham two-body potentials were due to surface chargingin contact SFM, when the deriva-
use(_j to represent the non-Coulombic in_teractions be_tweeﬁ\/e of the sum of these forces towards, the surface exceeds
the lons. The parameters of these p_otentlals_are Qescrlbed the cantilever spring constant, the tip would pierce the sur-
Refs.. 21, 59, and 60. They are derlyed for ions in CrySta“":face in an uncontrolled way. However, this effect can be
and in small clusters, and thus effectively averaged over thﬁrevented in NC-SFM due to the cantilever oscillation. To

T L e aie 4250, ZChieve s, one should use cantlevers wih large sping
q -"Fonstants and apply large oscillation amplitudes so that the

tronic configurations of the ions in the contact area remair._ oo bending force always exceeds the sum of the at-

tp)hoeter?fil;?;&?g those used in the parameterization of tl}?active forces. These stability criteria for NC-SFM operation

The nanotip and the upper surface layers are each spl ased on the jump-to-contact effect were considered by
into two regions(l and Il), as discussed in Refs. 27, 29, and lessibl. For common operating parameters, such as a can

55 The reaion | ions are relaxed exolicitly until there is Zerotilever spring constant of 30 N/m and cantilever vibrations of
' 9 plicitly amplitude 10 nm, the attractive force that may lead to jump-

Igrfg ?8 di?:cehtﬁ;thighgglsft?r?:et)lljﬁlkr?a%ltci?elIelzr:::je tl;:zp:eﬁsxteg%o-contact needs to be greater than 300 nN. Such forces may
P P occur, for example, due to the strong surface charging when

the tip on region | ions. The simulation cell shown in Fig. 1one tries to image alkali halides or oxides cleaved in

h:falﬂf‘?oa{héW?};g'rgigs'ggﬂmpde;;O:'qnb%updi?/ th?ndgggslacuum. Otherwise the tip-surface forces are much smaller.
P ! ) single tp su Nevertheless, instabilities are often observed while a periodic

the inter_action petween the periodically translated nanOtiPﬁnage is being routinely collected. They lead to tip crushing
and the interaction between the areas of surface deformatlo& contamination by the surface matefidlt® Since tip

should be small. This is ensured by using a large Surfacﬁwodifications may lead to image inversion and distortion,

area. In the present calculations, the surface region | CONhis makes atomistic interpretation of images, and especially
tained three planes of 100 ions, which were allowed to relaxthose of “point defects,” unreliable. Therefore it is impor-

Th(lanstuhr(l;acli/leDr eg;?cn Ilétgc?r?stalpheed élvr?apélgnezsofr;:)odz;g d|ogs. tant to study and eliminate other possible reasons for insta-
uations, u w Y %jilities in NC-SFM operation.

large cluster and the whole system was composed of 270 An empirical condition widely used for attaining stable

ions. The tip and the surface were divided into three regionsy~_gem operation is to work on the attractive part of the

l{gr:fsg'gnule'ltfgﬁst'%farrfozzgéiﬁéogjrgggeaﬁgc?gg'rlig t(ijolr\]lsevivr;tip—surface interaction curvelf the tip suddenly encounters
q ’ P a much less attractive or a repulsive interaction, the SFM

region Il fo”“‘?d a ”‘."r”‘.‘a' bath and were treated.as b_emg Rlectronics assumes that the cantilever should move closer to
thermodynamic equilibrium at room temperature; region IIIthe surface searching for stronger attraction. This purely

includes the |ons_of the upper part Of the r.‘a”Ot'p and th“?echnical drawback often leads to the tip crashing into the
bottom and the sides of the cluster simulating the surface, , t- . |t can be provoked by surface defects, adsorbed spe-
which are kept fixed. The interactions between ions wer ' '

' . . . Ries or by fluctuations in the amplitude of the cantilever vi-
calculated using the same pair potentials as in the Stat'Brations

. 7 . . _
calculations’” however, all ions were treated as nonpolariz Are there any other more “physical” effects that may

able. . . S
. . lead to the tip touching or crashing into the surface? In par-
of ;%Ir;cnurgre- dSIr:rﬁitcl(s)nrf)xzﬁlg’i;%éﬁ?eﬁp%gslﬁ}\ﬂpgzﬁ%? ticular, to be able to resolve different ions, the smallest tip-
Hions as discuised i1 Ref. 30. The Berendsen alao$khm surface separation should be comparable to interatomic dis-
e 9 tance. At such distances an avalanche adhesion of the surface

with an equilibration time constant o_f 16? s was used to ions on the tip(and vice versamay become importarif.
keep temperature constant in the region Il. The forces on th

. N NPnis effect is similar to avalanche adhesion of solid surfaces,
tip were calculated as the sum of forces on all the particle
averaged over a time period of 18 s. To integrate the

Newton equations, the Verlet “leap-frog” scheme with a

time step of 210 ® s was employed.

One of the main drawbacks of contact SFM which the NC
mode strives to overcome is a so-called jump-to-contact ef-
fect (see, for example, Refs. 52 and)68 is caused by the
strong van der Waals force and other attractive forces be-
tween the tip and sample.qg., long-range electrostatic forces

metallic tips and surfaces was considered in Refs. 26, 51, and
64—67. For ionic materials, it was discussed in Ref. 28. The
occurrence of instabilities of the surface and tip ions or at-
oms strongly depends on the tip and surface chemical struc-
ture and the tip-surface distance, and is relevant to our dis-
We start by discussing factors that may affect the stabilitycussion of NC-SFM operation in two ways. First, the
of NC-SFM operation. Then the calculated images of thenstability means that at some critical tip-surface distance,

IV. RESULTS
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the Li site. This would signal that the tip charging may lead

° to the tip crashing into the surface because the electronics
02t Perfect tip above F would follow the attraction scenario. However, contrary to
oal < Perfect tip above Li our expectation, both force curves show Coulomb attraction

) at long distances with a clear sign of instability at approxi-
06| = Charged tip above vacancy ] mately 6 A above the surfacéote that this is the distance

z between the tip oxygen ion and the surface plabetailed
E] 08y analysis of molecular dynamics has revealed that the ad-
£ 41 sorbed Li ion is in fact very mobile on the tip and adjusts its
position in response to attraction from the surface F ions.
2 , , This, along with the strong surface polarization by the
Charged tip above Li . . .
a4l charged tip, produces the attraction at large distances. At
approximately 6 A, the effective distance between the ad-

1.6 : : : . : sorbed Li ion and the surface plane is approximately 4.5 A
4 5 6 7 8 9 10 . A
Tip - srtace distance () and one _of the F ions becom_e§ unstable in its site and
P - suiface distance strongly displaces towards the Li ion on the tip. We did not
FIG. 3. The force vs distance curves calculated above differentollow this scenario further in this work, but, as was demon-
sites of the MgO tip interacting with th@.00) LiF surface with and  Strated in our recent pap#tthis may be a beginning of the
without an adsorbed surface Li ion. formation of a long chain as the tip and the surface separate
again. Using the force curves for the charged tip, we have
falculated the parametéy, which gives an additional dis-

the surface ions strongly displace from their sites causing a : . .
abrupt change in the tip-surface interactfiéi%®®Although placement of the tip towards the surface due to the shift of its

the change in the force due to this effect may be often jusduilibrium caused by the tip-surface interaction. The mar-
0.3-1.0 NN, the force gradient is of the order of 10~30 N/m dinal value ofAp~0.3 A obtained in both cases suggests that

Second, if this or a smaller tip-surface distance is the turningh€ tiP is not likely to enter the repulsive part of the interac-
point of the tip oscillations, some surface ions may betion- Th.ese. results lead us r{;\ther to suggest thgt the initial tip
trapped by the tip, changing the tip-surface interaction evefOntamination can develop into a neqk formation or adsgrp-
more strongly. The assumption of the stationary force-fieldion of a cluster of the surface material onto the tip, which
F(z,t)=F(z) may become invalid if the frequency of these €1 eventually lead to the tip crashing into the surface.
tip modifications is comparable to the period of the cantile-
ver oscillations, resulting in these oscillations becoming very
complex. Can these effects affect the cantilever oscillations
in any significant way? To study the mechanisms of contrast formation in NC-
To answer this question, we first considered the interacSFM, “constantA” scanlines for the LiF, NaCl, and MgO
tion of the MgO tip with the LiF surface. Our previous surfaces were calculated using the following method. For
calculationd”-?® have demonstrated that if the oxygen termi- each surface, a number of force versus distance curves were
nated MgO tip approaches the LiF surface above a Li iorfirst calculated using the classical atomistic simulation tech-
closer than approximately 4.5 A, the single stable position ohiques described above. The calculations were made on a
the Li ion is between the tip and the surface at approximatelynesh(x,y) above a number of surface points in the distance
1.2 A above the surfacesee Fig. 1 This is due to formation rangez=3.5-6.3 A. This provides the same asymptotic be-
of a single potential well for the Li between the tip and the havior for all curves for the same crystal which is determined
surface, as discussed in Ref. 28. This effect leads to a sidsy the atomistic contribution to the van der Waals interaction
nificant increase in the tip-surface attraction. This can bend the surface polarization by the tip. The calculated points
seen in Fig. 3, which shows the force curves calculated usingiere then approximated analytically by a sum of several in-
the molecular-dynamics technique. Note that the distance reverse powers. The asymptotic behavior of the tip-surface in-
ferred to in Fig. 3 and in further discussion throughout theteraction potential was always determined by #hé term.
paper is measured between the ideal position of the oxygefhe van der Waals interaction between the macroscopic part
ion at the end of the tip and the ideal surface plane. Wef the tip and the surface was calculated using a model of a
calculated the changes in the amplitude of the cantilever vieonical tip with the half-angles/=30° and a sphere of radius
brationsA; and in the displacement of the equilibrium posi- R embedded at the er{dee Fig. 1 The expressions for the
tion of the oscillationA, induced by this force change. Both forces between such a tip with a semi-infinite surface are
values appeared to be less than 0.1 A, suggesting that thigiblished in Ref. 36. The Hamaker constant was fixed in all
effect cannot immediately affect the cantilever motion. How-calculations equal to 1.2010 ?*J as was found for the
ever, as the tip moves back from the surface, two things mailgO/MgO interaction in Ref. 69. The strength of the van der
happer?® (i) a single Li ion can be trapped by the tip; and Waals interaction was changed by using different tip redii
(ii) adsorption of a Li ion on the tip may initiate formation of = These calculated analytical expressions Fiz) were
a string of ions stretching out of the surface or even a neckthen used in Eqs(1)—(7) to calculate the set of stationary
Next, we assumed that a Li ion is trapped by the tip andrequenciesf(h) and the corresponding amplitudés for
calculated the force curves above the vacancy remaining odifferent equilibrium positions of the cantilever above the
the surface and above another Li surface site, which are alsurface,h, and for each surface mesh poiixy). In these
shown in Fig. 3. We expected to see strong repulsion abovealculations, the value of the cantilever eigenfrequefigy

B. Calculation of surface images



PRB 59 MODEL OF NONCONTACT SCANNING FORE . .. 2443

a)

FIG. 4. The snapshot configurations of the MgO nanotip interacting with the NaCl sufg@arresponds to the tip-surface distance
approximately 4.2 A just before, an@) to the distance 4.1 A and the configuration just after the instability of the surface Na ion has
occurred. Note the strong displacements of the surface ions in both cases.

was equal to 168 kHz and the amplitudlgwas 130 A, asin  step of 0.4 A and the vertical step equal to 0.1 A. The po-
the experimentS. In all cases, the amplitudes\ (i tential energy curvek(z) were calculated at each lateral tip
=2,3,...,20) were found to be at least two orders of magniposition. The calculated points were approximated by ana-
tude smaller tha\;. The scanlines were then calculated aslytical expressions and the scanlines shown in Figs. 5 and 6
h(x,y)—A, for a given constanAf=|f—f,| and tip radius were obtained as discussed above.

) A more complex study was performed for the LiF surface.

The calculations for the MgO and NaCl surfaces wereln this case, our ultimate aim was to obtain an image of a

made using the static atomistic simulation technique empoint defect, but one scanline is not enough to estimate the
ployed in themARVIN code. The MgO tip was oriented by extent of defect induced perturbation. For comparison, we
one of its oxygen corners to the surface and the direction dfirst calculated the full image of the perfect surface using the
the cube diagonal through this ion with respect to the surfacéleal tip orientation by the cube diagonal perpendicular to
was chosen in an arbitrary way, resulting in a blunter tip tharthe surface shown in Fig. 1. TH&z) curves were calculated
that used in the LiF simulationsee Fig. 4. The tip was directly using the molecular-dynamics technique at room
moved along th€100 surface axis directly above the row of temperature on the mesh of nine symmetry surface points.
the surface ions for several lattice constants with the latergbome of the=(z) curves corresponding to the chemical com-
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FIG. 5. The scanlines calculated for the maximum frequency £ 7. The image of the LiF surface calculated using the force
shift (Af )max Obtained at different macroscopic tip radii for the e gptained by the molecular dynamics technique with a tip ra-

MgO tip interaction with the NaCl surface. dius of 50 A and frequency shifi f =45 Hz.

ponent of the interaction are shown in Fig. 3. The full force
on the tip was calculated by summing up the forces acting
from all the surface ions on the tip ions and adding the van The contrast in the scanlines and in the surface image
der Waals contribution acting on the macroscopic part of théhown in Figs. 5-7 is determined by an interplay of the
tip from the rest of the semi-infinite surface. The interpola-€lectrostatic and van der Waals forces. The main contribu-
tion procedure was then applied to construct the smooth suflons to the contrast formation result from the interaction of
face image shown in Fig. 7. the tip with the alternating surface potential and with the
surface polarization induced by the electric field of the tip,
i.e., by the same effect that causes instabilities of the surface

C. Perfect surfaces

R=50A, A f=50s" ' and tip ions discussed in the previous section. The electro-
as | . | static potential of the MgO tip is shown in Fig(f2 If the tip

R=1004. Af=80s" is turned by its oxygen corner to the MgO surface, it attracts
46 | 1 the Mg ions, which displace towards the tip, and repels the

R=150A, Af=110s"

oxygen ions displacing them into the surface. Both displace-
ments produce dipole moments that interact with the tip po-
tential. The electrostatic potential of the MgO surface with
one Mg ion displaced outwards by 0.15 A is shown in Fig. 8.
It was calculated using the sarab initio density-functional
technique as was used in the tip calculations discussed in
Sec. Il. One can see that due to low coordination and high
- - : : : s : ionicity, the tip produces a strong localized potential that

Tip - surface distances (fk)

o+ 2z 8 4 & 6 7 8 extends over several angstroms. The dipole potential of the
(a) Tip displacement(A ) ’ : A
displaced ion decays much slower than the exponentially de-
5.8 — caying electrostatic potential of the ideal surface. Displacing
57| | ions outwards from the surface is easier than inwards. Out-
—~ 56 R N b
< R=504, A f=355 »
g 55 W\\/ 1 ’/m—.-'\"»‘,‘
2 g ;
3 54r E - ; S
5 ) B /
T B3 ,xey_ R=100A,Af=63s v b
& Ry /x“’x X\x\ X
52t T P
51l xoow Re150A,A£20087 kb .
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(b) Tip displacement along the <100> axis(A)

FIG. 6. The scanlines obtained for the MgO tip interaction with
the MgO surface(a) representative scanlines calculated at different
microscopic tip radii and constant frequency shifts} scanlines FIG. 8. Section of the electrostatic potential eV) produced by
calculated for the same corrugation of 0.1 A to study the depenthe MgO surface with one Mg ion displaced by 0.15 A out from the
dence on the tip radius. surface.
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ward displacement also increases the attraction due to tHemacroscopic part” of the van der Waals interactisheter-
reduced distance to the tip. Therefore, the interaction of thenined by the tip radiu®), and(ii) the frequency shifAf. It
tip with the induced lattice polarization above the cation ands known that an attractive tip-surface interaction decreases
anion sites is different, which strongly contributes to the im-the frequency of cantilever oscillations whereas a repulsive
age contrast. If the tip moves closer, this finally leads tointeraction makes it bigger thafy. Therefore, in the pres-
instability and strong displacement of the Li, Na, or Mg ions, ence of repulsion, as is the case in NaCl, there is a maximum
as discussed above. In the case of LiF, this can be seen as thequency shift Af ). cOrresponding to the maximum at-
onset of strong attraction in the force curves in Fig. 3. Thistraction before the frequency starts to increase thus decreas-
effect is also illustrated in Fig. 4, which shows the displaceing Af. To estimate the maximum scanline corrugation at
ments of the surface Na ions at two positions of the MgO tipgiven cantilever and interaction parameters, we calculated
above the NaCl surface. One can see that the “blunter” tipgthe scanlines for the NaCl surface at the frequency change
used in these calculations causes strong displacements @if ),ax fOr three different effective tip radifsee Fig. 5.
both surface cations and anions, which are attracted to th®ne can see that as the van der Waals interaction increases,
oxygen and magnesium ions on the tip. Since MgO is muclthe tip moves closer to the surface and both thé ., and
harder than both LiF and NacCl, the displacements of thehe scanline corrugation become bigger.
MgO surface ions due to the interaction with the MgO tip are In the cases of LiF and MgO, the distance range used in
much smaller. In particular, the typical outward displace-the force-field calculations was restricted by the critical dis-
ments of Mg ions were 0.07 A and the inward displacementsance(about 3.8 A for instabilities of the surface ions and
of O ions were 0.03 A. Note that these displacements havdid not reach the repulsive part of the interaction. Comparing
opposite direction to the surface rumplitgbout 0.02 A in  the scanline for NaCl with the LiF image for the close pa-
MgO). However, the ionic charges are twice as large and omametersR=50 A andAf=35 Hz (see Fig. 7, we note that
balance the tip-surface interaction is not much different fromthe LiF image has a smaller corrugation and is obtained 1 A
that for LiF and NaCl. This discussion applies equally to thecloser to the surface. This reflects the fact that since LiF has
tip ions; however, their displacements in our case are much much smaller interionic distance, the tip has to move closer
smaller than those for the softer NaCl surface. Finally, wen order to “resolve” different ions.
should note that the contrast will inverse if the tip probes the The Hamaker constant for the interaction of the MgO tip
surface by a positive low-coordinated ion. with the MgO surface is roughly twice that for Na®l.
Polarization of the surface ions by the electric field of theTherefore, at the same tip radius and tip-surface distance
tip also contributes to the image contrast due to the differentange, the van der Waals interaction is also stronger and
polarizability of cations and anions. This effect is accountedncreases more rapidly as the tip moves closer to the surface.
for in our MARVIN calculations for NaCl and MgO, but it is However, the difference in the chemical interaction between
relatively small due to the small ion polarizabilities in thesecation and anion sites of MgO is still small even at 5 A. This
systems. Another factor which affects the contrast is the reresults from the hardness and small interionic distance of
lationship between the surface interionic spacing and the eMgO. As a result, one needs to move the tip closer to the
fective diameter of the region where the tip has a strongsurface in order to obtain the same corrugation as in NacCl.
electric field gradient which probes the surfdsee Fig. 2 At the distance range about 3.8—4.5 A, the maximum corru-
Roughly speaking, the tip can “resolve” the surface ionsgation obtained in our calculations is about 0.6 A.
better if they are further apart. The difference this makes in A relevant question is how does the sensitivity of the
our calculations is evident in the NaCl calculations, wheretechnique depend on the tip radius? To give a qualitative
the interionic spacing is about 1.4 times larger than in LiFanswer to this question, we took as a criterion of sensitivity a
and MgO. As one can see in Fig. 3, the interaction of theminimum scanline corrugation of 0.1 A and considered the
MgO tip with the LiF surface upa 4 A is always attractive. interaction of tips with three different radii with the MgO
However, for NaCl, the force curves above the surface chlosurface. The results shown in Figib$ demonstrate that, in
rine ions are already repulsive when the tip is closer to therder to obtain the same scanline corrugation, with a blunter
surface than approximately 4.5'& This is because the di- tip one should use a much larger frequency shift and move
rect Coulomb repulsion of the surface anions from the oxy-closer to the surface than with the sharper tip. In other words,
gen tip is not overcompensated by the attraction due theharp tips are better both in terms of sensitivity and stability
surface polarization, as takes place in LiF. This effect alsamf NC-SFM operation. This results from the fact that corru-
determines the tip-surface distance range where one coulghtion is determined by the relative changes of the force in
expect a resolved image: the force curves above differerthe lateral direction. As the van der Waals interaction in-
surface sites split starting from approximately 5.5 A for LiF, creases, the relative changes of the force at the same tip
but for NaCl this distance is much larger—approximately 6.5height, determined by the chemical contribution, decrease.
A Therefore the tip should move closer to the surface where the
Let us return to a comparison of the scanlines in Figssplit of the force curves is larger; this increases both the
5-7. Note that the maxima in the scanlines correspond to thecanline corrugation and the frequency shift.
areas of the strongest tip-surface attraction. For all the crystal The experimental images, and especially the observation
surfaces studied, the scanline extrema correspond to the laif several point defects have raised expectations that NC-
tice positions of the surface ions. As discussed above, for th8FM is capable of obtaining “true” atomic resolutiéri®
given force fieldF(x,y,z) and parameters of cantilever os- The results of this paper essentially confirm these expecta-
cillations f, and A;, the corrugation and other features of tions and demonstrate that periodic images in NC-SFM re-
scanlines depend on two parametdisithe strength of the flect the periodic arrangement of the surface ions. This ex-
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perimental achievement should allow us to study point
defects at surfaces and therefore their identification in images
is becoming an important issue.

D. Point defects

To study what a simple point defect would look like in a
NC-SFM image, we have calculated an image of a*Mg
impurity ion compensated by a cation vacancy on the surface
of LiF using the molecular-dynamics technique. The struc-
ture and stability of this defect has been studied in our pre-
vious publicatio”’ using theMARVIN code and the same set
of potential parameters are used here. These calculations
have demonstrated that the most stable defect configuration

: A ; .
is where the Mé ion is located in the pl_ane Just belo_w _the using the force field obtained by the molecular-dynamics technique
(001 surface plane and the compensating vacancy is in thg, tip radius of 50 A and a frequency shiff = 45 Hz.

surface plane. The energy difference between that configura-

tion and the one where both the impurity and the vacancy argecomes repulsive above the vacancy at approximately 4.3 A
in the surface plane is about 0.3 eV. The cation vacancy ig e to repulsion of the tip oxygen ion from four surface

much more mobile at the surface than in the bulk: the calcusgrines surrounding the vacan€yTherefore the tip must
lated adiabatic barrier for the vacancy jumps around the imp, 4\ higher if it's not to crash into the vacancy.

purity ion in the surface plane is 0.36 eV. The calculated and
experimentally measuréd barrier for these jumps in the
bulk is about 0.7 eV. The impurity ion can diffuse by ex-
changing places with the vacancy. The calculated barrier for The mechanism of contrast formation in NC-SFM imag-
this exchange in the surface plane is equal to 1.3’ekhese ing of ionic surfaces found in this paper is based on the
results suggest that the ¥igion may stay at its site for a interplay between the electrostatic and the van der Waals
period that is much longer than required for taking an NC-interaction. The main contributions to electrostatics are the
SFM image(several secongisUsing the Vineyard theory it tip interaction with the surface Madelung potential and with
was estimated that the cation vacancy at room temperaturethe local surface polarization induced by the tip. Our results
will jump to another equivalent site near the fgion ap-  clearly demonstrate that the site dependence of the tip-
proximately every microsecond. This time is shorter than otinduced surface relaxation determines the surface polariza-
comparable to the typical period NC-SFM cantilever oscilla-tion and strongly contributes to the contrast formation. As
tions (fo=100-300 kHz). Therefore, at room temperature,was suggested in Ref. 5, this effect may also take place in
the image will be averaged over many vacancy jumps. AINC-SFM imaging of Si111). This is also supported by the
though how to simulate averaging and construct an imagearly calculations by Abraham, Batra, and Cifaaivhich
under these conditions is clearly an important issue, this ibave demonstrated the importance of surface relaxation in
beyond the scope of this paper. The vacancy jumps will behe SFM imaging of the Si surface in the contact mode.
frozen for more than a minute if the surface temperature The strength of the electrostatic interaction is determined
drops down about 180 K. Therefore, since low-temperaturdy the local electric field of the tip. In our model, this field is
NC-SFM’s are becoming increasingly availabfe is not  produced by the low-coordinated site at the surface of ionic
unrealistic to assume a particular defect configuration for theip. The first question to ask is how realistic is this tip model
period of scanning. Therefore, we focus on the image conand does it have any relation to SFM experiments? As we
trast for the static defect located in the surface plane in furhave demonstrated in Sec. I, although the MgO tip is never
ther discussion. used experimentally, it represents a certain class of polar
Recently, we performed a molecular-dynamics simulatiortips. These may include commercial tips which have a native
which clearly demonstrated that contact SFM is very likelyoxide layer or a residual oxide left after bombardment with
to modify or completely destroy the Mg-vacancy defect Ar ions. Oxygen or other ions can also be adsorbed on Si or
during scanning! The results of the present calculations metallic tips after accidental contact with surfaces during
give a more optimistic picture. The defect image shown inscanning.
Fig. 9 was constructed on the basis of the force field calcu- The only criterion of correctness of our model is compari-
lated on the mesh including 91 surface points and the techson with the experimental scanlines. The average scanline
nique described above. The tip parameters were the same esrrugations reported for several alkali halitfeat aAf of
in Fig. 7 andAf =45 Hz. It can be seen that the defect imageapproximately 70 Hz are in the limits of 0.5-1.5 A. Our
at these parameters corresponds to a much larger tip-surfaoedeling gives the values of 0.3—0.7 A. A maximum corru-
separation than for the perfect surface. In terms of color congation of approximately 1.0 A can be obtained for the NaCl
trast used in experimental images, it looks like a wide brightsurface at larger tip radii than shown in Fig. 5. Thus, for
spot that covers an area of several interionic spacings andraalistic tip parameters, the results of our calculations give
smaller dark spot at the vacancy position. The image looks¢he corrugations which are close to average experimental
this way mainly because the interaction between the tip andalues'® A more covalent tip, such as pure Si, will experi-
the vacancy is much weaker than with the impurity ion andence polarization by the surface potentfabut we would

Distances (x,y,z) in Angstroms

FIG. 9. The image of the Mg -cation vacancy defect calculated

V. DISCUSSION
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expect a much smaller image contrast due to this interactiorsulating(especially oxidgfilms may provide a tool that may
As discussed above, the stability of NC-SFM operation isyield more information about the system and make the inter-
an important issue because both fluctuations in the tip oscilpretation of the results more reliable.
lation amplitude and the effects like avalanche adhesion may
lead to the tip poking into the surface and its modification.
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