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Towards chemical identification in atomic-resolution noncontact AFM imaging with silicon tips
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In this study we usab initio calculations and a pure silicon tip to study the tip-surface interaction with four
characteristic insulating surface8) the narrow gap TiQ (110 surface,(ii) the classic oxide MgQ0021)
surface,(iii ) the ionic solid CaC@(10T4) surface with molecular anion, arfiy) the wide gap Caj(111)
surface. Generally we find that the tip-surface interaction strongly depends on the surface electronic structure
due to the dominance of covalent bond formation with the silicon tip. However, we also find that in every case
the strongest interaction is with the highest anion of the surface. This result suggests that, if the original silicon
tip can be carefully controlled, it should be possible to immediately identify the species seen as bright in
images of insulating surfaces. In order to provide a more complete picture we also compare these results to
those for contaminated tips and suggest how applied voltage could also be used to probe chemical identity.
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[. INTRODUCTION indeed modeling with a silicon tip with a dangling bond at
the apex led to reasonable agreement between measured and

As the sophistication and reliability of noncontact atomic calculated forces:! There have been several studies where
force microscopyAFM) techniques increasethe obtained both pure silicon tips and those contaminated by surface at-
physical information is greatly expanded from topographicaloms were used to calculate the interaction with surfaces
images alone. This is seen particularly in the recently demether than Si, e.g., TiQ*?!* GaAs!**® InP!*1" and Cak.®
onstrated ability to produce force vs distance curves oveHowever, quantitative comparison with experiment has been
specific sites in atomically resolved images at lowpossible only in very few casés.
temperaturés* (and hopefully soon at room temperatire The growing possibilities for direct comparison of mea-
Access to this level oforce resolutiongreatly increases the sured and calculated force vs distance curves above particu-
possibilities of comparison between theory andlar surface sites open new opportunities for testing tip mod-
experiment’®’ and, hence, leads to greater understanding oéls and hence determining the chemical identity of image
the tip-surface interaction. However, this has not yet signififeatures. When used systematically in conjunction with the-
cantly impacted the long-standing problem of establishingpretical modeling, such comparison may provide fingerprints
directly the chemical identity of surface species in atomicallynecessary for discriminating different tip structufeSince
resolved images. This is largely due to a very strong depermost tips are made from silicon, this tip seems a natural
dence of images on the precise atomistic structure of the tiptarting point for building a database of tip-surface interac-
apex responsible for the image contrast. Since this structurgons for “realistic” tip structures. Some preliminary results
is unknown, the existing attempts at quantitative interpretaen the interaction of a Si tip with a dangling bond at the apex
tion of experimental images are either based on extensiv8i atom with several insulators have been presented in Ref.
simulation using model tip&e.g., Refs. 8 and)®r via analy-  18. In this study, we attempt to show systematically how the
sis of force curves.In particular, previous simulations of Si tip-surface force depends on the tip and surface electronic
AFM imaging on insulating surfaces assumed the tip wouldstructure for several different types of insulating surfaces:
be oxidized or contaminated, and hence have been performddO,, MgO, CaCQ, and Cak. We use a reactive silicon tip
mainly with model ionic oxide tip$®! Imaging silicon, one model to show how the balance between polarization and
can assume that tip can be terminated by silicon atoms, antbvalent contributions to the force depends on the surface
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electronic structure. The strongest interaction for this tip isHamiltonian and overlap matrices. Solution of the self-
always with the surface anion and thus the source of imageon_sistent problem can also be p_erform<_ad vyith !inear scaling
contrast is immediately evident. We also demonstrate that bfor insulators, though here full diagonalization is employed
applying voltage to change externally the tip and surfaces0 that the electronic structure of the surfaces can be studied
electronic structure, one can control the tip-surface interacin detail. The generalized gradient approximation has been
tion, which provides a further way of identifying the charac- utilized in all calculations, based on the specific functional of
ter of the atom under the tip. Therefore further advances if°erdew, Burke, and Emzerhf.Core electrons are repre-
preparation and control over Si tips could help solving theS€ntéd by norm-conserving pseudopotentials of the form pro-

problem of chemical identity of image features. posed by Troullier and Martin®, and we used the partial

. . 23 .
On insulators, reactive silicon tips can be easily contamiSO'€ correction scheme of Louét al™* The pseudopotential

; or the silicon atom was generated in the electron configura-
nated by surface or ambient oxygen atoms and even by CIU%OI’] [Ne]3s? 3p2, for calcium in [Ar]4s?. carbon in

ters of surface atoms. We therefore compare the results f Y 215 25 2 : P S B :
the Si tip with those obtained for a MgO cluster tip model 157]25°2p%, oxygen _ in [1s7]2572p", titanium in

, - o [Ar]4s23d?, fluorine in[1s?]2s%2p°®, and that for magne-
representing a more strongly contaminated or originally ox+" " 2 i ) '
ide tip. The “trademark” of this tip is a strong electrostatic sium in[ Ne]3s* configuration, where square brackets denote

interaction with the surface ions. Surprisingly, the magnitudei_he core elfctrtor(; con(1;|gurat|(zjns. Varlous_ baslst\;et configura-
of force acting on this tip appears to be very similar to that'0"'S Were tested, and a good compromise between accuracy

calculated for the Si tip model. We conclude by discussing®"d efficiency was found for the following sets: GaF

the mechanisms of the tip-surface interaction for different tip.d°uP!e¢ for F and triplef with double polarization for Ga

types and their effect on the image contrast. CaCQ, (double{ with polarization for all; TiO, (double{
with polarization for Ti and triplel with polarization for O;
and MgO (double¢ for Mg and double/ with polarization
Il. METHODS for O). Double¢ with polarization was used for Si and H in
the tip in all cases. All calculations were converged to the

The majority of the modeling in this study was performed o qar of meV in the total energy with respect to mesh cutoff
using a model of a pure silicon tip consisting of a ten-atom,, 4 orpital cutoffdi.e., energy shift). The following energy
silicon cluster with a single dangling bond at the apex and it

. B Bhifts and mesh cutoff values were used: &6 meV, 255
bas_e terminated by hydrogéh®® This tip is produced _by Ry.); CaCQ (25 meV, 156 Ry; TiO, (15 meV, 126 Ry;
taking three layers from the $111) surface, and removing and MgO (14 meV, 159 Ry. Within these limits all the

atoms to produce a sharp apex. It provides a fair model of thg, e rties of the silicon tip are well converged. Energy con-
dangling _bond, charaptensuc of the most .stable<(m re- vergence with respect topoint sampling was also tested on
construction of the Si{111) surface. The highest occupied ¢5|cations of accurate surface geometries using smaller
molecular orbita(HOMO) of the tip, representing the dan- slabs, but for the large tip-surface systems only #hpoint

gling bond, is quite diffuse and will overlap simultaneously .~ ;sed. However, the surface structure did not change sig-

with Sre"ef?' surface ion’§.Th(_a corresponding o.n(.a-electro_n nificantly between the small and large systems. During simu-
state is split from other occupied states of the Si tip modellnqaﬂOnS the top half of the tip and the bottom third of the
the Si valence band. The small size, specific shape, and h)é

e . .Surface were kept frozen, and all other ions were allowed to
drogen termination of the tip produ.c'e a surface electronigg,, freely to less than 0.05 eV/A. Calculated surface geom-
structure different from a standard silicon surface. However

L . . etries provided good agreement with experimental surface
this tip performs well when the short-range tip-surface inter-

> F : - relaxations, and were converged with respect to slab thick-
action is determlne_d by the anset of covalent bpnd formation, <5 “we did not consider a full spin-polarized treatment of
between the dangling bond at the end of the tip and surfa e problem since previous studies using simfland iden-
dangling bonds. This has been demonstrated by the go

= al method®® indicate that it does not make a qualitative
agreement of calculated and measured forces over a S'I'CQﬂfference to the results
surface’ '

. . The MgO tip calculations were performed using atomistic
For comparative purposes, calculations were also mad&mulations and therarviNz code?*25 This technique uses
using gn lonic ox_|de"t|p modgl—hg 64—ato_rr;] MgQ C:Jb?\h ort- point charges in order to represent ions and the shell-model
entate szmrlnetrlca y aro_ll_Jr? It/l axis, .W't da I\jmg e Mg representation of ion polarization, where appropriate, while
atom at the lower apex. The Mg-terminated MgO tip pro-gmyirically fitted potentials, are used to calculate interatomic
duces a net positive electrostatic potential towards the SUfy a4 tions, The force field parameters for the systems dis-
face. Compared to the Si tip, it is also much more rigid and ¢, sqe in this work have been taken from previous publica-
hence, tip relaxation is much less significant. The strength ions: MgO™® CaCQ;:% CaRy:® and Ti0,.2’ To test elec-

the tip-surface interaction for this tip is determined by thetronic ef‘feCt,S,SIESTA c'alculatic,)ns have been performed also

Coulomb interaction with the surface ions and has beeg, . MgO tip and the MgQ@001) surface, and reasonable
shown to agree with experiment where tip contamination by, ’

o o agreement was achieved.
an ionic material is probabfe.

~ All calculations with the Si tip were performed usizrgg the Il. SURFACE PROPERTIES
linear combination of atomic orbitals basigsTa code?® _ _ S
which implements density-functional theaiFT) in a man- The four surfaces which we will consider in this study are

ner so as to achieve linear scaling in the construction of th¢he following: the TiQ (110 surface; the CaC{(1014)
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FIG. 1. Side cross sections in tkez (wherez

o oo oo o o.‘g O-{ is the surface normal directipnplane of the
@ o o o o O ®) O O O atomic structures of surfaces considered in this
OFQ) study:(a) TiO, (110, (b) Cak (111, (c) CaCQ
Ca o (o] k4
O O O Mg o (1014), and(d) MgO (001). Note that the oxy-
z Or(2 o (o] O © O o O © O o gen atoms in CaCghave been drawn in perspec-
(@] o le) OOOOOOOO tive.
@) O OO0 O
©© - ° @

X

surface; the Caf(111) surface; and the Mg@001) surface. have been recently supported by computer simuldtiome
Each has wide technological applications and a long historypostpone discussion of this subtle effect for later work.
in surface science, but they have also been the subject of The Cak (111 surface is fluorine terminated, with the
several noncontact AFM studiéJhe structures of these sur- high fluorine atomgF(1) in Fig. 1(c)] protruding by about
faces are summarized in Fig. 1, and discussed briefly belov@.08 nm from the Ca sublattice, with the low fluorine atoms
The TiO, (110 surface[Fig. 1(a)] is oxygen terminated [F(3)] a similar distance below. Here the surface is repre-
with the bridging oxygen row§O(1)] protruding about 0.1 sented by a periodic cell of (44x3) CaF, units.
nm above the surface plane. The titanium idfg1)] are Finally, the MgO(00Y) surface, which contains only two
positioned between bridging oxygens and are bonded to twaublattices[see Fig. 1d)], was simulated using a periodic
of the four in-plane oxygeng)(2)] between which the more cell of (6X3Xx3) MgO units. The validity of the general
exposed T) ions are situated. A periodic cell of ¢44  method and system size to treat these surfaces has been thor-

X 3) TiO, units was used to simulate the surface in our cal-oughly tested via comparison to experiment and previous
culations. calculations wherever possible. The results of these tests are

The CaCQ (1014) surface is more complex due to the preselngt?glselsewhere since they are not the focus of this
fact that this crystal could be considered as a molecular solidVork- " °Note that in the following discussion, the plane
In principle it is oxygen terminated, with the(D [see Fig. formed by the hlgh_est atoms in the sur_face is used as a zero
1(b)] protruding about 0.09 nm from the surface plane. How-Plane for determining the tip-surface distance.

ever, this oxygen belongs to a @Omolecular ion, with one To study the depgndence of the tip-su_rface interacf[ion on
oxygen[O(2)] in plane with the Ca and C atoms, and Onethe surface electronic structure, we considered four different

[O(3)] below them. The surface unit cell also requires twolnsulators. Although they are all in principle insulators, the

CaCQ, groups, since alternating rows of G@roups along electronic structure of the four materials studied in this paper
the [010] direction are rotated about a surface normal, form-differs markedly, which is of course the reason whey they are

— i ' Table )l TiO, i insul
ing a zigzag of @1) atoms along th¢421] direction! This being studiedsee Table ). TiO, is a narrow gap insulator

¢ deled b iodic slab - (or wide gap semiconductprwith a calculated band gap
su; az::e Cv:vas modeled by Ia Fe_rlo ICVE??I cr?nta|rr]1|ng<f)3 (E,) of 0.6 eV, compared to an experimental value of 3.0
x3) -& Q units in our calcu ations. lle there have been g, /50 Despite the strong covalent bonding in the £gboup,
experimental low-energy electron-diffraction observations of

i . - ) overall CaCQ is a fairly wide gap insulator with a calcu-
a (2x1) reconstruction under certain conditidfiswhich Ia\;ed band (galp of ég \év\|(6.ogep\)/| e;pt. R\(Iev;. 31 andu

strongly ionic C&" and C(ﬁ‘ sublattice. In this company,
TABLE I. Various ab initio calculated properties of the surfaces CaF, represents a classic wide gap ionic insulator, with a
in this study: band gapHg); Mullken charge on the cations bpand gap of 6.6 e\(12.3 eV, expt., Ref 32 MgO is also a
(Qcation); average Mulliken charge on the anion®qGion);  classic wide gap insulator, but its band gap of 3.6(@\8 eV,
valence-band offset between silicon tip and surface at large separgypt., Ref 33 is significantly smaller than CaFNote that in
tion (VBy¢s). Note that the fact that cation and anion charges forypa following discussion, the large difference between theo-
CaCQ, and TiO, are different is due to charge variations betweenretical and experimental band gaps is a systematic error of
anion sublattices and chqnges in charge as a function of position lﬂ']e DFT method, and cannot be corrected easily. However,
:lne;JZ?aggviirdai(l;lactQ?rge Is conserved, and these numbers represgnb ground-state geometric and electronic structures of these
' crystals are well reproduced in DFT, so this error does not
affect the conclusions we discuss here.

Material  Eq (V) Qeaton Qanion VBorr (€V) In the following discussion we correlate the covalent
TiO, 0.6 +0.9 -0.4 -0.5 bonding contributions to the tip-surface interaction with the
CaCQ 5.0 +1.7 -1.8 (CQ) 0.4 electron-density transfer between the tip and surfateur-
Cak, 6.6 +1.6 -08 3.0 acterized by Mulliken charggsand with the valence-band
MgO 3.6 116 ~16 ~07 offset with the tip HOMO state. The charge transfer is cal-
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2 . i sions, these will not change significantly over the other sub-
—_ o(1)in Caco, lattices. We will also compare the forces for the silicon tip
1_' s - F(1) in CaF, | and the oxide tip to demonstrate how different interaction
) IRNN— °'"M9° e, regimes affect the properties of the force.
> |
e 4l
2 A. Si tip
-2»— In general, we expect the force between a silicon tip and
35 the surface to have two main componeris:an onset of

covalent bonding between the tip and the surface, which
should be mainly dominated by the atom directly under the
FIG. 2. Forces with a silicon tip over anion sites for each of thetip, but may have contributions from other atoms dingdthe
surfaces studied. The labels in the legend refer to Fig. 1. Note thagieaker force due to the polarization of the tip by the ionic
the lack of smoothness in the force curves is due to the limitednsulating surface. The contribution of each of these compo-
number of points calculated and the atomic force tolerance used ifents to the tip-surface interaction should depend strongly on
relaxations. the electronic structure of the surface. Also, the polarization
of the tip should depend on the formal charge of the surface
surface at the relevant tip-surface separation, and comparingns, such that a doubly charged ion induces a larger effect
this with a reference calculation with the tip at 2 nm from thethan a singly charged one.
surface. This should be analytically equivalgassuming in- Figure 2 shows the forces over anion sites in each surface
finite accuracy in the partial DO&DOS and after normal-  with a silicon tip. We see immediately that the largest overall
ization] to integrating over all the tip and surface states of theforce occurs over the @) site in the TiQ surface, with a
PDOS, and comparisons between this and Mulliken sumsmaller force for O in MgO and @) in CaCGQ,. The small-
ming gave very good agreement if the PDOS was calculatedst force is found for @) in Cak. If the full range of inter-
to a high enough accuracy. The offset is evaluated directlyction is considered, it can also be seen that the force has a
from the PDOS with the tip far{2 nm) from the surface, much longer range for MgO and TiQwith over double the
and is defined as the difference between the tip HOM&N-  force for the other surfaces in the 0.3—0.4 nm distance range.
gling bond state and the surface HOMQvalence-band This marked difference in the interaction is directly related to
edge. Not unexpectedly, CaFhas the largest offset from the the ability of the Si tip to make a semicovalent bond with the
silicon tip of the materials studied he(8.0 eV), and there-  syrface ions. This effect can be characterized by the electron-
fore one would expect the smallest amount of charge trangjensity transfer between the tip and the surface as a function
fer. The calculated offsets for other materials are muchyf distance and is presented in Fig. 3.
smaller (see Table )l and one should expect much more  As one can see in Fig. 3, for CaFthere is very little
charge transfer as the tip approaches. The band offset itself iharge transfer until very close approach is achieved, and
also a function of distance, and in the case of Celffanges  \when charge transfer does oc¢below 0.25 nnthe tip has
from 3.0 eVat2nmto 3.4 eVat0.4 nmandto 4.2 eV at 0.33ready entered the repulsive interaction regime. This corre-
nm. lates with the large energy offset of the tip dangling bond
state and the top of the surface valence béswk Table )L
IV. TIP-SURFACE INTERACTION Furthermore, the singly charged fluorine ions produce only
weak polarization compared to the doubly charged ions in
In order to understand how the properties of the surface@acq and MgO. Correspondingly for CaG@he increased
and tips discussed above affect the tip-surface interaction, Wenarge transfer and polarization produces an increase in force
study how the force on the tip depends on distance abovgor example, a large increase in both charge transfer and
two sublattices on each surface: one anion and another cgtyrce relative to Cajcan be observed at around 0.25)nm
ion. Since we are interested mainly in qualitative conclu-Thjs again correlates with the strongly reduced offset energy
for CaCQ, comparing to Caj

0;_ E —3(1)!nTloz In MgO the small offset means that there is significant
OFY{ SN -iubv charge transfer at longer ranges, overe(fteady at 0.4 nm,
8 04F -~ T\ /|- 0inMgo and this increases almost linearly as the tip approaches the
§ 0.2- o surface. This produces the much larger force compared to
ﬁ-o.g— CaF, and CaCQ in the 0.3—0.4 nm range. Below 0.3 nm we
D04 - , see that the force over MgO and Cag@ very similar,
§-06f " 7 . despite the large difference in charge transfer. This can be
081 , . ] caused by the much stronger distortion of the softer CACO
b 0.2 0.3 0.4 0.5 surface induced by the interaction with the tgee also Ref.
Tip-surface Distance (nm) 34).
FIG. 3. Charge transfer from the surfaceegativé to silicon tip Our results for TiQ agree qualitatively with a previoub

(positive as the tip approaches the surface over an anion site. Notiitio study;? in that the largest force is generally seen over
that for TiO, the charge is transferred from the tip to the surface. the bridging oxygen sites. However, we observe significantly
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FIG. 4. Forces with a silicon tip over cation sites for each of the ) . . ) .
surfaces studied. FIG. 6. Forces with an oxide tip over anion sites for each of the

surfaces studied.

smaller forces and a different range of interaction—this _ o .
maybe related to the simplistic one silicon atom tip they usedVith the consistent reduction in charge transfer shown in Fig.
in that study and will be investigated in detail in a later 5. The cations, especially in the more ionic surfaces, have
work.® Due to its small band gap and small offset, in thealready donated much of their charge to the anions and there
TiO, surface we find a completely different story from the is little remaining, i.e., there are no occupied cation states in
other surfaces. Charge is now actually transferred from thé&e VB to provide electrons and it is not energetically favor-
tip to the surface—the magnitude of transfer is comparabl@ble to transfer charge from the tip to cation unoccupied
to that for MgO and so similar forces are seen in the 0.35states in the CB. The general trends also match those for the
nm-0.50 nm range. This transfer to the surface increases itmion curves, with large forces and charge transfer for the
ionicity and produces a stronger polarization effect, produciess ionic MgO and Ti@ surfaces. For MgO, significant VB
ing the largest force for any surface at around 0.275 nm. states with Mg character exist, so this, and the interaction
The difference in the direction of charge transfer for 7iO with neighboring oxygens results in larger charge transfer.
is a consequence of the different surface electroniaye again see charge transfer from the tip to surface fog,TiO
structures—specifically the nature of the valence bar®8)  in contrast to the other surfaces. However, the system charge
and conduction ban(CB). For the most ionic surface, CaF  density shows that no strong bonds are formed with the Ti in
the VB is almost exclusively p states and the CB Ca  the surface, and that the interaction is due to the surrounding

states, while for CaCpthe VB is dominated by ( states  oxygen atoms, and has a similar source to the interaction
and the CB by Ca-states. There are basically no unoccupiedseen over oxygen

states on the anions, so effective charge transfer can only be A common feature in Figs. 2 and 4 is the onset of repul-
to the tip. For MgO there is an admixture of Mg and O statession at small tip-surface distances, i.e., less than 0.3 nm. This
in the VB, with the top of the valence band of purely oxygenis due to electron-electron repulsion as tip and surface orbit-
character. However, this admixture is much smaller in theals begin to overlap. At this point the tip is no longer really
CB, and the transfer direction remains to the tip. Ji@s in the noncontact regime and has entered the contact regime.
the largest admixture of states of any surface, reflecting that such small distances, the surface atoms are pushed into
significant covalence of the Ti-O bonds and the CB has ahe surface and the apex Si atom undergoes strong relaxation
significant fraction of unoccupied @ states. Hence bonding back into the tip cluster. Hence, the tip-surface distance in
between the tip and anion sites in the Ji€urface involves Figs. 2 and 4 is slightly misleading, and the real distance
effective charge transfer to the surface. between the tip and surface is much larger, e.g., for the tip
Turning now to consider the forces over cation sites withover K1) in CaF, at a tip-surface distance of 0.1 nm, the real
a silicon tip (see Fig. 4, they are generally much smaller distance between thg B ion, and the tip apex was 0.19 nm
than the corresponding forces over the anion site. This agregfie to a relaxation of-0.04 nm by F into the surface and
+0.05 nm by Si into the tip. Obviously atomic relaxation
plays a role at all distancés? but it is only at close range

0.45( ' . " [T inTio, 1] ”» . .
T oal - Cain CaCO, ] that it's magnitude becomes comparable to the tip-surface
5 32‘;‘::9% separation. At these small tip-surface separations, the accu-
0150 ] racy of the charge-transfer values are also more difficult to
g o e estimate. As the tip approaches the surface, bonding changes
§-015 - T , ] the PDOS from a simple “tig-surface picture,” and there-
2 o3 ] ] fore assigning charges to specific atoms becomes much more
° - inaccurate

-0.45} , . . ] :

01 02 04 05

Tip-surfa'ce Distance (nrﬁ)

. . " B. MgO ti
FIG. 5. Charge transfer from silicon tifpositive) to surface g-tp

(negativé as the tip approaches the surface over a cation site. Note Our SIESTA calculations for the MgO tip interacting with
that for TiO, the charge is transferred from the tip to the surface. the MgO (001) surface demonstrate that for an oxide tip,
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TABLE II. Force and charge transfer to the i) for various

150 » - Zﬁ)n"é:é%s ] applied electrostatic fieldé€E) when the tip is at 0.4 nm above Ca
/ - Cain CaF, and F1) sites in the Caf surface. A positive electrostatic field
! --- Mg in MgO .|

-
T

means that the field increases with increasing

E (VIA) Ca K1)
Force(nN) Q (e Force(nN) Q (e)

Force (nN)
=}
(3]

0] ]
| | 0.0 ~0.26 +0.01 ~0.40 +0.05

97 0z 03 04 05 —05 —0.08 ~032 ~0.02 ~0.33
Distance (nm} 405 —0.06 +0.38 —0.67 +0.47

FIG. 7. Forces with an oxide tip over cation sites for each of the
surfaces studied.

V. VOLTAGE EFFECTS

charge transfer is generally minimal, and the force should be The results of the preceding section demonstrate that by
dominated by the electrostatic interaction between the tigontrolling the nature of the tip we can immediately tell the
and surface. Therefore to model the interaction of the oxidgource of contrast. For example, if it is a silicon tip, then the
tip with different surfaces we employ an atomistic simulationstrongest interaction will be with the surface anions. How-
technique, which excludes charge transfer completely. TheVver, this implies a level of tip regulation as yet not seen
forces over oxygen sites for the positively terminated oxideoften in AFM, and it is important to explore other possible
tip (see Fig. & are easily defined by the surface geometrymethods for identifying the atom under the tip. The sensitiv-
and the relative effective charges of the anions, since thed® of the tip-surface interaction to the surface electronic
determine the strength of the electrostatic potential at thagtructure shown here implies that if we can change that struc-
point. The strongest interaction is for oxygen in MgO, whereture systematically then the change in the tip-surface inter-
the highly charged & ion produces a force almost double action should tell us the identity of the atom under the tip.
that of any other surface. We have compared this atomistid he most obvious way to change the surface electronic struc-
simulation result directly with aab initio calculation of the ~ ture, and especially the energy offset between the tip dan-
same system, and found that the force agrees to within 2098ing bond and the surface valence band, B is by ap-
This means that although the atomistic simulations exagP!Ving @ voltage across the system. This is a common
gerate the ionic charge{2.0 compared to- 1.6 in Table ), ~ Practice in AEFM experiments, but may prove particularly
this merely compensates for excluding any charge-transfdfSeful when imaging thin films on conducting substrates

; - ith conducting Si tips.
rocesses and the method is quite accurate. We see the larg- . ) . .
gst force over the doubly cha?ged?Din MgO, then a re- P’& As a first approximation to studying the effects of voltage

. . . in such a system, we have applied an electrostatic potential
duction by about a factor of 2 to the singly chargedién in y PP b

. . ) I - ) gradient to our supercell in the direction normal to the
Cak,. Over the high O in calcite, the tip is effectively inter- ¢, a1 The field is applied in such a way that the discon-

acting with three O*%**ions surrounding a single 4% tinuity in the gradient between different images is always in
ion in the carbonate group, and this produces a force comne vacuunt® and it does not affect the results. To demon-
parable to that over F. Finally, over oxygen in TiQ, the  strate the possibilities of this idea, we have studied the sur-
electrostatic interaction with the ©%®is compensated by a face where charge-transfer effects were smallest—the, CaF
long-range repulsive component, giving the smallestsurface. The system setup is exactly the same as for the
force—as appropriate for this least ionic material. silicon tip calculations discussed previously, but now the at-

The forces for cation sites with an oxide tip are the mostoms are relaxed in the presence of the electrostatic field.
uniform of all configurations studied. The forces are all Table Il shows how the force and charge transfer change
small, and very rapidly tending to repulsion—as would beat one height as the electrostatic field is applied. Over the
expected for the interaction of a positively terminated tipcation site, we see a field applied in either direction reduces
above a cation site. At a very close approach, it is observethe overall force, despite producing strong charge transfer in
that there are rapid changes in the force, characteristic ajpposite directions. For the anion site, the force is strongly
extreme displacements and jumps of ions under the tip. Fareduced when the field decreases with increagjriuut it is
the more strongly bonded Ti in TiQ these jumps are not significantly increased when the field increases with increas-
observed and a smooth repulsive force is observed until thing z (wherez is the surface normal directipnThe charge
tip begins to also strongly interact with surface oxygens. transfer changes correspondingly. Th@.5 V field also re-

We have also calculated the interactions of an O termisults in a very large displacement of the F atom by 0.13 nm
nated MgO tip with a net negative electrostatic interactiontowards the tip—it effectively jumps to the tip. In general,
over the same surfaces, but the interaction physics is ththe atom under the tip experiences a double-well potefftial,
same as for the Mg-terminated tip, but with cations dominatwith energy minima near to the surface and near to the tip
ing the interaction such that Figs. 6 and 7 would be more oseparated by a barrier dependent on the tip-surface distance.
less reversed. Applying a large enough voltage means the surface atom can
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overcome the barrier and jump to the tip. In all the otherionicity is reduced, the charge-transfer increases and onset of
cases the displacements of the tip and surface atoms are lassvalent bonding soon begins to dominate the tip-surface
than 0.01 nm. interaction, producing much larger forces overall. The forces
The dramatic difference in behavior between the catiorpver anions in the surface are larger than over cations, as
and anion sites can be understood readily from the discussiaRey play a more significant role in charge transfer
of the contributions to the tip'SUrface interaction in the pre'processes_especia”y in the more ionic Surfaces_ Th|s im-
vious sections. Over the anion site, the force is dominated byjies that if a Si tip with a dangling bond can be prepared and

the charge transfer from the ion to the tip, and a positiveyaintained, image interpretation becomes almost trivial. For
applied bias encourages this while a negative bias reverses i, ,gjtively terminated oxide tip, electrostatic forces domi-

changing the force accordingly. For the cation, the preceding o the interaction and therefore are larger for the more

section demon_strated tha_t charg_e transfer is a_smaller CONBnic surfaces. This means that the forces for the two differ-
ponent to the tip-surface interaction than for anions, and th nt tips are comparable in magnitude, similar in origin, but

force is dominated by the polarization of the tip. At negative i letelv in their hi h th : te-
bias, the extra charge on the cation reduces the polarizatio.I er completely in their hierarchy across the various mate
interaction with the tip and therefore the force. However, for”e_‘ls’ €., the largest force for a silicon t'p. IS over hidbut
positive applied bias, charge actually transfers from the surtiS Provides the smallest force for an oxide tip.
rounding anion lattice, not the cation under the tip. Hence, At this pointit is interesting to compare the results calcu-
there is still no formation of any strong covalent bonds, bu ateq here for §|I|con t|p_|nteract|ng_W|th msglatlng surfaces
again the ionicity of surface ions and the contribution of tipt0 similar previous studies of semiconducting surfaces and
polarization to the interaction are reduced. This behavior ignetallic surfaces. In theoretical studies of (13i),*
also observed for a 0.375 nm tip-surface distance, althoug®aAg110," InP(110),"® and Cy001) (Ref. 37 surfaces us-
the effect is slightly diminished. ing a Si tip, the dominating contrast mechanism in each case
This contrasting behavior of cations and anions in thewas the formation of covalent bonds between the tip apex
surface suggests a possible method for chemical identificaand the surface. For the binary semiconductors, interaction
tion during an AFM experiment. By producing experimental with the anions in the surface dominated, as in our calcula-
force vs distance curves over different atomic sites in theions for insulators. The magnitude of forces found on those
surface at equal and opposite bias it should be possible teurfaces was also comparable, with a maximum of about 2.5
immediately tell which is an anion and which is a cation.nN over the rest atom in Si, and about 1.5 nN over P in InP
This process would involve subtracting the positive biasand As in GaAs. This implies that the contrast mechanism
curve from the negative bias curve at the same site to removgy 3 silicon tip with a single dangling bond is universal for
the background force@pplying a bias will change the back- 4| surfaces regardiess of physical and electronic structures.
ground capacitance force and mask the real change in chemi- the one serious limitation in studying and controlling the

cal forceg, and then looking at the two differential curves. g tace electronic structure is that it requires the tip to remain
The curve where the difference is largest, i.e., where changsgnsistent in composition and shape throughout the experi-
ing the bias had the biggest effect, should be the anion sefyeny, If it becomes contaminated during an experiment then
Obviously the difference between differential curves will de-j; \vill be difficult to compare results before and after. We
pend on the surface s_tudled and the nature of the tip, and Ofifve suggested the idea of using applied voltage during an
would suspect that this method will work best on very ionic pogpm experiment to provide chemical information when the
surfaces. Furthermore, in the event that the tip is really PUr&p is unknown. We should comment here that the method
§i|icon then the interpretation shpuld be.easily _made accordjsed to calculate the effects of an applied bias does suffer
ing to the results of the preceding section. This more cOMyom several approximations. First, and most significantly, it
plex approach, involving a bias voltage, is more relevant 1qg yery difficult to translate the electrostatic fields applied
the situation where there is uncertainty regarding the naturgcoss our unit cell to the bias applied in a real experiment.
of the tip, e.g., after a tip crash. However, as we have showiihough the numbers in principle agree, the real nanoscale
in the preceding section, the general principle is relevanpiag in experiment where the voltage is applied between the
across surfaces with very different electronic structures, ang;ck of the sample and top of the tip separated by a distance
therefore definitely requires further investigation. of millimeter, is impossible to establish. Second, our calcu-
lations are performed at equilibrium, so no charge is allowed
V1. DISCUSSION to flow out (_)f t_he cell and the particle numbers are con-
served. In principle, for the small amount of charge flowing,
We have studied the interaction of two model tips with this should be a good estimate, but a more accurate method
several insulating surfaces having different geometric andvould connect the system to electrodes and allow a real cur-
electronic structures. The resultsatf initio calculations for  rent to flow.
a silicon tip demonstrate that the contributions to the tip- In summary, we see that, although the hierarchy of forces
surface force can be related to the nature of the surface elets different for the two tip models, all would provide imme-
tronic structure. Wide gap insulators are generally very ionicdiate image interpretation. Therefore the most crucial con-
with a large valence-band offset preventing significantcern is how to prepare a controlled tip in the first place.
electron-density transfer between tip and surface, and thAlthough a positive(or negative potential oxide tip would
force is dominated by polarization of the tip. As the gap andoffer easy interpretation of insulators, it is very difficult to
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