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Ionic and electronic processes at ionic surfaces induced by atomic-force-microscope tips
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Several ion and electron processes near contact between two insulators are predicted, which should be
observable following recent developments in atomic force microscopy. When two solids approach each other
closer than about two interatomic distances, instabilities and strong outward displacement of the surface atoms
occur. This has been known for metals, and is shown in this paper for ionic systems. Using periodic density-
functional calculations, we demonstrate that the ionic model holds for relatively large (,1.5 Å) displacements
of individual Mg21 and O22 ions from the MgO surface. It breaks at further displacements where the electron
redistribution is strong, and neutralizes both the displaced ion and the vacancy left at the surface. The inter-
action of the sharp and blunt MgO tips with the LiF, NaCl, and MgO surfaces was studied using an embedded-
cluster Hartree-Fock method. Conditions for trapping of surface ions on the tip during the tip and surface
separation are determined. It is demonstrated that this trapping can initiate formation of one-dimensional
strings of ions stretching out from the surfaces as they separate. The latter result is confirmed by the classical
molecular-dynamics simulations of the contact formation and separation of the plane MgO and LiF surfaces.
These simulations have also demonstrated that the junction between two dissimilar ionic surfaces breaks not at
the original but at a new interface accompanied by contamination of one of the surfaces. Analysis of electronic
processes reveals that electrons can tunnel from the tip to the anion vacancies left in the surface.
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I. INTRODUCTION

Development of scanning probe methods1–7 has triggered
extensive studies of atomistic processes at contacts betw
solids~by contact, we mean the atomic and electronic str
ture of two surfaces brought together up to a distance c
parable to interatomic separation, i.e., about 2–10 Å!. How-
ever, atomic-force-microscope~AFM! studies which could
provide vital pieces of information regarding atomic sca
contacts between insulators have been hindered by w
control over AFM tips at small (,5 nm) tip-surface dis-
tances. In most contact mode AFM’s operating in air and
ultrahigh vacuum~UHV!, the gradient of the van der Waa
force between macroscopic tip and sample at some
surface distance exceeds the cantilever spring constant.
instability is known as jump into contact: the tip moves t
ward the surface without any control from the experimen
until it is stopped by repulsion with the sample atoms. The
fore, to study atomistic processes accompanying contact
mation at distances ranging from about 5 nm to hard con
has, until recently, been virtually impossible.

Two experimental techniques@the dynamic~noncontact!
mode of AFM operation, and force spectroscopy# yield much
better control over the tip position. The first of them, t
dynamic mode of AFM operation, has been known for
decade.8 However, atomic resolution in this mode has be
achieved only recently.6,9–11 In this mode, the AFM tip os-
cillates, and its interaction with the surface changes the
560163-1829/97/56~23!/15332~13!/$10.00
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rameters of these oscillations. The force gradient as a fu
tion of tip position can be estimated, often averaged, o
many tip oscillations. The best performance in this mode
achieved if the tip does not enter the repulsive part of
interaction, and periodically moves in and out of the sho
range interaction region. An additional bonus is that this
riodic tip motion sets up a natural clock, which can make
possible to study rates of atomic and charge-transfer p
cesses in contact with surfaces.

Another technique, recently proposed by Jarviset al.,12

provides control over the tip position~still not over the tip-
surface distance, which can be determined if one knows
tip-surface interaction!. It is now possible not only to keep
the tip position constant but also to change it continuously
order to measure the tip-surface forces.12 This provides a
powerful method of force spectroscopy, and enables con
over distances and forces between two surfaces of insula
during contact formation and breaking.

These experimental techniques are sensitive to even
variations of tip-surface forces, and may allow us to sin
out elementary processes which have previously b
masked by the jump-to-contact and jump-off tip instabilitie
and to correlate them with the atomic structure and ot
properties of surfaces near contact. In particular, variati
of the force field acting on the surface and tip atoms dur
their relative motion result in atom and electron transfer, a
lead to wear, friction, and tribocharging. Understanding
AFM images requires a knowledge of the chemical struct
15 332 © 1997 The American Physical Society
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56 15 333IONIC AND ELECTRONIC PROCESSES AT IONIC . . .
of the tip, and on atomic processes in contact. However,
mechanisms of these processes are difficult to determine
ing even most sensitive experimental methods.

Some of the gaps in our understanding can be filled in
combining experimental studies with theoretical modellin
as has been demonstrated in related field of scanning tun
ing microscopy~STM!. In particular, contacts between m
tallic tips and metallic surfaces have been extensively s
ied using STM. Experimental studies have demonstrate13

two characteristic types of behavior:~i! strong cohesive
bonding between tips and surfaces is accompanied by n
formation on their separation;~ii ! only plastic surface defor
mation was observed for weaker forces, which are not su
cient to pull material upon tip retraction. These and mo
subtle features such as instabilities of the surface or tip at
at short tip-surface distances have been discussed in a
ber of theoretical studies,14–19 and then refined experimen
tally ~see, for example, the overview in Ref. 7!.

Similar processes, such as ion instabilities, have b
demonstrated in previous calculations for insulators,20 how-
ever, systematic theoretical and experimental studies are
lacking. The peculiar features of ionic insulators which
them apart from simple metallic systems studied so far
the following: ~i! these are binary~or more complex! sys-
tems, which introduce inequivalence in atomic behavior;~ii !
displacements of ions from their sites can be accompanie
lattice polarization and transfer of individual electrons b
tween surfaces; and~iii ! ion and electron transfer betwee
two surfaces may lead to their charging. One of the aims
this paper is to consider how these features can affect ato
and electronic processes in contact between two ionic in
lators in conjunction with atomic force spectroscopy.

We considered contact formation between two bin
ionic systems in tip-flat and flat-flat configurations at re
tively large distances~2–8 Å! available now for AFM ex-
periments. Typical atomic processes found in previous s
ies of metallic and ionic systems include stro
displacements of atoms outside and inside the surfaces,
sient neck formation between surfaces, and more cons
adsorption during relative motion of two surfaces. We st
from the simplest case of strong displacement of a single
out from the surface, and demonstrate the electron transf
distances exceeding 1.5 Å. We then increase the comple
of the system by including an atomically sharp tip. We ha
found that at distances between the tip and the sur
smaller than 4 Å there is often an instability of the surfac
ions leading to their strong~about 1 Å! displacements out o
the surface due to their interaction with the tip. This effe
depends on the geometric and chemical structures of th
and the surface. In some cases, when the tip and sur
separate, the ion may remain adsorbed on the tip. In th
cases, further separation of the tip and surface can be ac
panied by formation of a neck, where displacement of o
ion together with the tip pulls a string of alternating surfa
ions. Some characteristic electron transfer processes ac
panying these ionic processes are discussed. We then tu
the case of two flat surfaces, and demonstrate the forma
of an interface and wear when two dissimilar flat pieces
ionic surfaces are pushed together and then separated.

Different computational techniques were employed
study various aspects of the problem. In particular, to st
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the energy and electron-density changes due to strong
placement of a single ion from the surface, we used dens
functional theory ~DFT! in the periodic model, and the
plane-wave basis set. The embedded-molecular-clu
model and the Hartree-Fock method were used to study
interaction between tips and surfaces. Calculations of in
action between flat surfaces were performed using class
atomistic simulation and molecular-dynamics techniqu
The advantages of these methods and their technical de
are discussed in Sec. II.

II. METHODS

A combination of several techniques allows us to ap
the most appropriate method to a particular problem. Ho
ever, since all the problems are interconnected, care sh
be taken to insure the consistency of different techniques
least with respect to qualitative conclusions. This can
achieved in different ways. The range of validity of the pa
potentials employed in atomistic simulations and the mole
lar dynamics of the interfaces is tested by quantu
mechanical calculations. The quantitative consistency of
ferent methods can be checked through calculations of
same properties. A detailed comparison of the results
some characteristic ionic processes due to the tip-surface
teraction calculated with embedded-molecular-cluster
molecular-dynamics methods was made in Ref. 21. A co
parison of the results of DFT with those of the embedd
molecular-cluster calculations is presented in Sec. III A.

A. Density-functional method

Large displacements of ions out from ionic surfaces,
their removal due to adhesion on another surface, can
accompanied by strong electron-density flow. The D
method, with an extensive plane-wave basis set, is w
suited to take account of the charge-density flow in conti
ous fashion. In some cases, such as MgO, the final prod
can have unpaired electrons, which requires spin-polari
solutions. These issues are discussed elsewhere.22,23 In this
paper, we are interested in qualitative features, which in
cases considered do not depend on the spin state. To sim
the discussion, we confine it to the singlet state of the s
tem.

The calculations are made using the Car-Parine
method,24 in which the total energy of the system is min
mized with respect to the plane-wave coefficients of the
cupied orbitals. The minimization is performed by the co
jugate gradient technique.25 The calculations were performe
with theCETEPcode on the Cray T3D parallel supercompu
at the Edinburgh Parallel Computer Centre. The compu
tional strategy underlying theCETEP code was described in
the literature.26 Extensive calculations of the MgO surface
and of adsorption at these surfaces using the same me
and computer code are reported in Refs. 23 and 27.
calculations reported in this paper essentially follow up
these previous studies.

Technical details of the calculations are as follows. T
calculations presented here are based on the generalized
dient approximation ~GGA! functional of Perdew and
Wang,28,29 known as GGA-II, which is designed for gener
spin-polarized systems. The pseudopotentials for Mg an
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15 334 56SHLUGER, KANTOROVICH, LIVSHITS, AND GILLAN
are identical to those used in the studies of oxyg
adsorption,23 and we use the same plane-wave cutoff of 8
eV.

Calculations were performed for a periodic slab geome
In this model, a unit cell is repeated in two dimension
creating an infinite slab simulating the~001! surface. The
slabs are repeated in thez direction ~normal to the surface!,
forming a stack of layers separated by a vacuum layer.
choices of the slab thickness and vacuum width are discu
below. The question ofk-point sampling for calculations o
the ~001! MgO surface was discussed in a rece
publication.27 Two k points in the surface Brillouin zone
were chosen in all our surface calculations.

B. Embedded cluster method

Calculations of the tip-surface interaction require tha
large number of atoms be treated in order to model the
and surface deformations properly. For qualitative answ
semiempirical embedded-cluster methods provide the
choice. Due to strong ionic displacements, it is important
us to take account of lattice polarization and possible e
tron transfer. Therefore aCLUSTER95 code was employed
which is thoroughly described in Ref. 30. In the model e
ployed in this technique, a number of the surface~and tip!
ions are substituted by a quantum cluster. A quantu
mechanical treatment of a quantum cluster is combined w
a classical description of the rest of the system by usin
‘‘self-consistency’’ procedure. The latter is based on co
secutive iteration of two computational methods:30 a
quantum-mechanical method calculates the electron-den
distribution and positions of nuclei within the quantum clu
ter, and a classical method calculates the response of the
of the crystal to the electric field due to modified atom
positions and charges in the quantum cluster with respec
the perfect system.

In the present calculations, the tip and surface are tre
as finite clusters~Fig. 1!. In particular, a (MgO)32 cluster
was used to model the tip and (MeX)108(63636) clusters,
~Me5Li, Na, and X5F, Cl! to model surfaces. In contac
~see Fig. 1!, eight ions at the tip’s end closest to the surfa
and 64 ions at the surface closest to the contact area c
prise a quantum cluster and are treated quantum mech
cally; all other ions are treated classically.

In theCLUSTER95code, the electronic structure of the sy
tem is calculated using the unrestricted Hartree-Fock met
within the approximation of intermediate neglect of differe
tial overlap ~INDO!.31,32 In this approximation some of th
elements of the Fock matrix are calculated using semiem
ical parameters. In this study we employed a set of par
eters which were optimized in order to reproduce the ch
acteristics of the MgO, LiF, NaCl, Li2O, Na2O, MgF2, and
other perfect crystals as well as of an extensive set of o
oxides and small molecules as described in Ref. 32.

The ions outside the quantum cluster are treated u
interatomic potentials, and a polarizable ion approximat
and a shell model for ionic polarization.33 Note that cores
and shells in this model are just point charges, with the to
charge equal to the ionic charge. The system total energ
minimized with respect to the positions of the cor
n
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and shells comprising the ions using the general utility latt
program ~GULP!.34 The pair potentials used in this stud
were described elsewhere.20

We start from the geometry optimization for the who
system including the tip and the surface using the GU
code at a tip-surface distance of 8 Å, which is the init
tip-surface separation in our calculations. Then the electro
structure of the whole system including all 280 tip and s
face ions is calculated at this geometry using the IND
method. This provides a reference charge distributi
QQM~ref!. This is then used in embedded-cluster calculatio
in order to calculate the perturbation of this initial state d
to the interaction between tip and surface at shorter
tances.

The calculations for the contact formation are made fo
quantum cluster mentioned above embedded in the rem
ing part of the tip and the cluster simulating the surface. T
system total energy is calculated as

Etot5EGULP2EGULP~cluster!2ECoul~cluster environment!

1EQM~cluster!. ~1!

Here EGULP is the total energy of the whole system calc
lated using the pair potentials. Two terms are subtracted
exclude double counting:~i! EGULP~cluster! is the total en-
ergy of the part of the system which is substituted by
quantum cluster; it is calculated as a free molecule with f
zen positions of the cores and shells using the interato

FIG. 1. The MgO tip~top! in contact with the (LiF)108 cluster
simulating the LiF surface~bottom!.
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56 15 335IONIC AND ELECTRONIC PROCESSES AT IONIC . . .
FIG. 2. The setup for the molecular-dynamics simulation of the contact formation and separation of the LiF and MgO surfaces. T
coding in the upper cluster corresponds to Mg21 and O22 ions in the lattice sites. The lower cluster represents LiF; however, the color co
is changed to show the types of ions in the MD simulation: the ions shown in dark are frozen in the calculations~region I!, whereas those
shown in light color are moving according to the Newton equations~region II!.
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potentials. ~ii ! ECoul~cluster environment! is the Coulomb
part of the interaction of the classical cores and shells s
stituted by quantum ions with the rest of the clust
EQM~cluster! is the total energy of the quantum cluster, i
cluding its interaction with the rest of the surface ions. In t
approach, the contribution EGULP2EGULP~cluster!
2ECoul~cluster environment! includes~i! the short-range in-
teractions between the quantum cluster ions and the
rounding ions, represented by the interatomic potentials;
~ii ! the polarization energy of the lattice outside the quant
cluster.

To calculate the polarization of the tip and surface due
changes of the charge distribution inside the quantum clus
two effects are taken into account:~i! the charges of the
corresponding classical cores are modified with respec
those in the reference system asQcore8 5Qcore1@QQM

2QQM~ref!#, whereQQM are effective ionic charges in th
quantum cluster, andQQM~ref! are effective ionic charges o
these ions in the reference system, both calculated using
Löwdin population analysis;35 ~ii ! displacements of core
and shells inside the quantum cluster due to the tip-sur
interaction. Then a classical calculation is made using
charge distribution. Cores and shells outside the quan
cluster adjust their positions in response to the change in
charge distribution. The diagonal matrix elements of the
teraction of electrons inside the quantum cluster with th
cores and shells are calculated on atomic orbitals, and
added to the Fock matrix for the calculation ofEQM~cluster!.

The total energy of the whole system, including the qu
tum cluster embedded in the tip and the surface, is m
mized with respect to the coefficients of the linear combi
tion of atomic orbitals, and with respect to the positions
the nuclei inside the quantum cluster and of the cores
shells of the rest of the cluster. The calculation of the latt
polarization and of the electronic structure and the geom
of the quantum cluster embedded in the electrostatic po
b-
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tial of the rest of the system are carried out iteratively, un
the total energy of the whole system changes by less th
certain criterion~usually 0.001 eV!. The described method i
very flexible with respect to different tip and surface stru
tures. Use of large clusters for modeling the surface allo
us to take into account a significant part of the polarizat
energy still remaining in the limits of feasible system size

C. Molecular-dynamics method

Molecular dynamics was employed in this work to stu
contact formation between two flat ionic surfaces and th
atomic structure during separation for two main reasons~i!
To consider poor coincidence; one can do this using perio
static atomistic simulations~e.g., using theMIDAS code36!,
but this would require very large periodic cells.37,38 The
method employed in this study allows us to use a clus
model.~ii ! To take into account dynamic processes of ion
transfer between two surfaces; as is shown below, barr
for these processes can be small, and therefore therm
activated ion transfer can be important even for slow se
rations.

The model used in these calculations is presented in
2. The two surfaces were modeled by large clusters of
same size each including 2048 ions. We consider that b
surfaces are in thermodynamic equilibrium, and can be ch
acterized by their own temperatures. Each of the clusters
divided into two regions~see Fig. 2!: region I includes the
ions of the bottom~top! and sides of the clusters, which a
held fixed to avoid boundary effects in region II, where t
ions move according to Newton’s equations. Regions II
both clusters face each other. The interactions between
were calculated using the pair potentials described in R
20, and all ions were treated as nonpolarizable.

To run the simulations we used theDL POLY 1.1 package
of-molecular dynamics routines39 modified for AFM simula-
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15 336 56SHLUGER, KANTOROVICH, LIVSHITS, AND GILLAN
tions. The most important modifications include the possi
ity of constructing the system from several blocks of p
ticles ~see Fig. 2!. In each block some of the particles can
‘‘frozen’’ out from molecular-dynamics calculation. Thes
frozen particles can move with a constant velocity, wh
can be different for each block. In particular, to simula
separation of two surfaces, the frozen parts of both clus
~see Fig. 2! were moved with constant velocity. If a NVT
ensemble is used, each block can have its own tempera
and equilibration time constant. The kinetic energy of ea
block, which is used to determine the velocity scaling fact
is calculated in the coordinate frame associated with
block. The Berendsen algorithm,40 with an equilibration time
constant of 10212 s, was used to keep temperature const
in region II. To integrate the Newton equations, the Ver
‘‘leap-frog’’ scheme, with a time step of 2310215 s, was
employed.

III. RESULTS

It is known that the tip or surface atoms experience ins
bility, and strongly displace out from the surface when tw
metallic or ionic surfaces are brought together closer t
about 4–5 Å.15,20,41This effect may be masked by other pr
cesses in closer contact, if the distance between the two
faces continues to decrease further~for example, in jump to
contact!. It manifests itself again on surface separation a
may lead to wear, friction, and charging if atoms adsorb
another surface as separation progresses. This may a
both contact and non-contact-mode AFM imaging. If
atom is pulled out from one surface and adsorbed on ano
its coordination and the electronic structure change sign
cantly. Before discussing the mechanism of this effect
more detail for the tip-surface system, it is instructive to lo
into how displacements of ions out from the surface un
fected by the tip presence change the system electronic s
ture.

A. Displacements of single ions out from the„001…
MgO surface

Studies of large ionic displacements out from surfaces
important not only in the context of the present paper
also for understanding desorption induced by electronic tr
sitions. The questions we are asking are the following:~i!
how does the electronic state of the ion depend on its
placement;~ii ! how strongly do the energies for displac
ments of cations and anions differ? Answers to these q
tions will point us toward possible electronic effects duri
contact formation. They will also be useful for a discussi
of defect formation energies at surfaces and the mechan
of surface charging.

The effects should depend on a crystal. The most dram
changes in the charge-density distribution among the crys
studied in this paper are expected for MgO, where the sec
electron is only loosely bound to O2 in the lattice due to the
Madelung field, and the second ionization potential of
Mg atom is 15.035 eV.42 This implies that O22 will tend to
leave one or two extra electrons in the vacancy at the surf
Conversely, Mg21 should start pulling electrons from th
surface O22 ions as the ion-surface separation increases. T
will occur when its electron affinity~affected by the interac
l-
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tion with the vacancy! exceeds the energy of the top of th
valence band. The situation is different in alkali halide
In these crystals, desorption of an anion in neutral atom
form is also more energetically profitable than in ion
form;43 however, the electron affinity of the cation is n
enough to pull an electron from the valence band.44 To dem-
onstrate the effect of electron transfer during ionic displa
ments, in this paper we consider the displacements of i
perpendicular to the~001! MgO surface using the DFT
method.

Most of the calculations were made for a periodic cell
48 ions, that is, three layers by 16 ions forming a 434
square. Thus each slab was three layers thick. As discu
above, the slabs are periodically translated along thez axis
too. The distance between the top layer of one slab and
bottom of the next slab was 4a, wherea is the interatomic
distance (a52.122 Å). The largest possible displacement
an ion perpendicular to the surface is therefore limited to 2a.
All other ions in the unit cell were allowed to relax at ea
position of the displaced ion. The results are presented in
form of adiabatic potential-energy curves and electro
density maps.

The total energy per unit cell as a function of displac
ments of the Mg and O ions,d, from the surface shown in
Fig. 3, demonstrate that the cation curve is significan
steeper than that for the anion. One can define two region
a function of displacement.~i! At displacementsd,2 Å the
adiabatic potentials are harmonic. The electron density
sentially follows the displaced ion, and its effective charge
close to that at the perfect surface sites.~ii ! At longer dis-
tancesd.2Å, the interaction is no longer harmonic, an
increases much slower. This reflects a strong electron-den
flow, which neutralizes both the ion which is being displac
from the surface and the vacancy left at the surface.
checked that these results remain practically unchanged i
number of layers in the slab is increased from three to f
~the unit cell contains four layers by 16 ions!.

FIG. 3. The total energy vs displacement of the O22 ion
~crosses! and the Mg2 ion ~diamonds! perpendicular to the~001!
MgO surface calculated using the DFT method. The broken
dotted lines are the quadratic approximation of the calculated po
up to the distance of 2 Å. Note that motion of both Mg21 and O22

ions perpendicular to the surface is harmonic at least up to 1.5
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As expected, the O22 ion leaves part of its valence elec
trons at the surface vacancy. The electron density con
map for d53.5 Å shown in Fig. 4~a! demonstrates quite
diffuse distribution around the vacancy. Integration of t
electron density over the sphere of radius 1.5 Å centere
the anion site gives about 1.05ueu ~whereueu is the electron
charge! localized in the vacancy. A significant portion of th
electron density is spread between the departing atom
the vacancy@Fig. 4~a!#. This indicates that the electron redi
tribution has not yet been completed at this separation.

Analysis of the electron density for the displacement
the Mg21 ion from the surface exceeding 2 Å shows a trans-
fer of electrons on Mg from the four nearest-neighbor anio
The section of the electron density shown in Fig. 4~b! dem-
onstrates that at a distance of 3.5 Å the Mg is practica
neutral. In this configuration the two holes are delocaliz

FIG. 4. The contour plots of the valence electron density for
O ~a! and Mg ~b! ions displaced perpendicular to the~001! MgO
surface ~in units of 1022 electron/Å3!. To avoid high peaks on
oxygens, the density has been chopped at 0.2 electron/Å3. The po-
sitions of O cores are indicated by the symbolD, and those of Mg
cores by the symbolX. In ~a!, the cut has been made along th
direction of the surface normal through the displaced O ion and
nearest surface O22 ions. In ~b!, the cut has been made along th
direction of the surface normal through the displaced Mg ion a
the surface O22 ions surrounding the cation vacancy.
ur

at

nd

f

s.

y
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over the four anions surrounding the cation vacancy. A si
lar defect, which contains a cation vacancy trapping t
electron holes, was studied extensively in the bulk of cu
oxides including MgO, and is known as aV0 center.45 In the
bulk, it is in the triplet state and, according to electron pa
magnetic resonance data,46 two holes are trapped on the tw
oxygen ions located on the same axis on the opposite side
the cation vacancy.45,46 However, the structure of a surfac
analog of this center, aVs

0 center, is not well established
One model which was used in Ref. 47 assumes that, as in
bulk, the two holes are localized on two anions on the op
site sides of the vacancy. Recent cluster calculations by
rari and Pacchioni48 suggest that the hole in theVs

0 center is
delocalized by four anions surrounding the vacancy, sim
to our result. However, in our case this configuration co
be metastable, and imposed by the presence of Mg and
interaction of periodically arranged defects. The structure
this defect is important due to its possible role in cataly
performance of MgO. It is not in the focus of the prese
study, and will be discussed in separate publication.

Displacements of the O22 and Mg21 ions are accompa
nied by a strong deformation of surrounding lattice. For d
placements less than 2 Å, when the O and Mg remain larg
ionic, the nearest-neighbor ions shift mostly upwards,
gether with the displaced ions. When the latter neutralize,
deformation of the lattice becomes similar to that around
bare F center or cation vacancy with the hole delocaliz
around it, i.e., thez components of the coordinates of th
surface ions become much smaller. This occurs at a dista
of about 3 Å, and is another sign of significant electron tra
fer.

It is instructive to compare the results of these calcu
tions with previous studies using DFT and other techniqu
The gap between slabs used in the present calculations
not allow us to reach the ion desorption limit continuous
However, it can be calculated separately. The energy dif
ence between the1O and 3O configurations of the atomic
oxygen obtained in this study using the GGA functional
2.41 eV. Taking this into account, the energy for removal
the 3O atom from the~001! MgO surface and formation o
the Fs-center was found to be 9.02 eV. This is by about 0
eV lower than that obtained using the local-density appro
mation in Ref. 27. TheF center formation energy obtained i
this work is reasonably close to 8–9 eV, obtained using d
ferent Hartree-Fock calculations~see the discussion in Re
49!. However, theVs

0-center formation energy, which wa
found to be 9.03 eV, is much smaller than previous pred
tions of 17.45~Ref. 48! and 13.8 eV.50 This could result
from the interaction between periodically arranged defe
which have a quite peculiar charge distribution. A mo
physical reason can be the effect of the electron correlat
which is known to be important for the hole defects
MgO,51 and is better accounted for in the GGA.

To eliminate the first possibility, we repeated the DF
calculations for absolutely identical periodic arrangement
slabs and for the same periodic cell using the IND
method,31 and compared them with cluster calculations f
an individual defect calculated with the same method. If
Coulomb interaction between defects is important or the
size is not large enough, one could expect a significant
ference between the two sets of calculations. However, t
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gave almost identical results. Using the INDO method,
also checked the effect of the gap between the slabs on
displacement energy. It appeared to be negligibly small.

To link these results to the next stage of our calculatio
which are made using the embedded-cluster method, we
peated calculations for the displacement of the Mg ion us
that technique. The charge distribution as a function of
displacement is very similar to that obtained by DFT. T
calculated energies for the displacements, which are less
2.0 Å, where the charge transfer is small, agree within 0.3
with those obtained using DFT. However, at larger displa
ments the difference becomes significant, and theVs

0-center
formation energy obtained using the embedded-clu
method is about 14 eV. On the basis of these results we
it safe to conclude that the most plausible explanation for
discrepancy between the DFT and other data for the for
tion energy of theVs

0 center is the effect of correlation be
tween electrons on the hole states localized at the surfa

The results of this section demonstrate that the io
model holds even for relatively large (,1.5 Å) displace-
ments of the Mg21 and O22 ions out from the surface, an
breaks only at larger displacements. This provides a basi
atomistic simulations using pair potentials. The electron
distribution observed for larger displacements may have
ferent implications dependent on the process involving
ion transfer. One can envisage the two simplest scenarios~i!
the ion is desorbed from surface I, and then adsorbs on
face II situated far away; and~ii ! adsorption on surface I
when two surfaces~which were initially in contact! separate.
In the first case, the electron transfer will occur first to s
face I, as described above. In the second case, the proce
much more complicated, because it depends on the electr
and geometric structures of surface II.

These results also demonstrate asymmetry in the en
costs required for displacing single ions or atoms from
surface. If we now consider two surfaces moving slow
relative to each other, the adiabatic potential-energy sur
constantly transforms, and the final position of the trans
ring ion depends on the qualitative character of the adiab
potential and rates of the ion transfer between different we
The roles of transformation of the adiabatic potential in
ion, and electron transfer between separating surfaces
discussed in more detail in Sec. III B for a tip-flat config
ration.

B. Contacts between tips and flat surfaces

Atoms of two approaching surfaces have a few metasta
states available to them, which correspond to lattice sites
adsorption on the original surface and to adsorption on
second surface. At small intersurface separations, pote
wells corresponding to these states overlap, and in s
cases barriers between the wells may disappear, leadin
formation of common wells. This is the general cause
instability also known as ‘‘avalanche in adhesion.’’52 The
speed with which two bodies move relative to each othe
AFM or surface-force-apparatus experiments is usually s
eral orders of magnitude slower than the average spee
thermal atomic motion. Thus most of the atomic proces
during contact formation occur adiabatically with respect
the tip motion. Transformation of the adiabatic potential a
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thermally activated jumps of ions between wells determ
to a large extent the micromechanisms of contact forma
and breaking. Local electron transfer initiated by ionic pr
cesses may play a significant role too. In spite of a hu
variety of factors affecting these processes, some ana
can be made on the basis of simple models described be

1. Mechanisms of ionic transfer between tips and surfaces

In the first set of calculations, we considered the inter
tion of an atomically sharp tip with flat surfaces. A commo
feature which many existing tips share is that they are m
from oxide materials~or are oxidized in air! which are much
harder than most of the surfaces under study. As a tip
therefore used the Mg32O32 cube oriented by its O or Mg
corner to the surface~see Fig. 1!, which proved to be a good
model in our previous calculations.20,53 The diagonal of the
cube was perpendicular to the surface, and the cube
rotated by an arbitrary angle around this axis. The quant
tive details of the tip-surface interaction depend on the
orientation. To facilitate a comparison, the orientation of t
tip with respect to the surface axes was kept constant fo
surfaces considered. The calculations were made for
NaCl, and MgO surfaces, which were simulated by 216
clusters including six planes of 636 ions. The quantum
cluster included a 64-ion cube of the surface ions closes
the tip, and an eight-ion cube at the end of the tip. T
tip-surface distances of 3–8 Å were considered~see Fig. 1!.
Several ions of the upper part of the tip were fixed in th
perfect sites to keep the tip shape. They were moved tow
the surface in small~0.1–0.2 Å! discrete steps, and the co
ordinates of all other tip and surface ions were optimized
minimize the total energy of the system using theCLUSTER95

code. To prevent artificial distortions of the cluster simul
ing the surface, several ions at its bottom were also fixed
their perfect sites.

First, the total energy as a function of the tip-surface d
tance was calculated above different positions on the sur
for the tip oriented by its O22 and Mg21 corners. Within a
distance range of 3–8 Å, the overall tip-surface interaction
determined by the van der Waals and electrostatic forces.20,53

The specific interaction between the ions at the end of the
and the nearest surface ions is dominated by the Coulo
and polarization contributions. The electrostatic poten
produced by our model tip is seen in Fig. 5. It is close to
periodic potential of the perfect surface along the cu
grains, and decays exponentially perpendicularly to
grains. It is much stronger and more extended at the corn
The interaction of alternating surface ions with this inhom
geneous tip potential is different. In all cases, unlike io
~cations for the O22 tip, and vice versa! are attracted to the
tip. They experience instability at tip-surface distancesh of
about 3.5–4 Å, and strongly~0.8–1.0 Å! displace from their
lattice sites toward the tip. This is accompanied by an ene
drop~see also Ref. 20!. In the case of the MgO tip interactin
with the LiF surface, it is about 1 eV~Fig. 6!. The radius of
this instability~i.e. the distance between the projection of t
end of the tip onto the surface and the surface site at wh
the instability occurs! in all cases considered is about half
the interatomic distance. The like ions~i.e., anions for the
O22 tip! are repelled by the tip potential, and displace ins
the lattice. Strong displacement of unlike ions toward the
is accompanied by the significant deformation of the s
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56 15 339IONIC AND ELECTRONIC PROCESSES AT IONIC . . .
rounding lattice similar to the case of displacement of in
vidual Mg21 and O22 ions considered in Sec. III A. If the
instability occurs and the tip moves closer to the surface
pushes the ion first into its original site and then into t
lattice interstitial position. If the tip does not indent the su
face (h.1 Å), the surface deformation described above m
be reversible. Whether the surface wear and/or charging
take place is determined by what will happen when the
and surface separate: will the ion remain on the tip? To st
this question, we calculated sections of the system adiab
potential for different tip positions and orientations.

To simplify the model, the end of the tip was locate
above the surface lattice sites. In this case the coordi

FIG. 5. The electrostatic potential of the MgO tip calculated
the body-diagonal plane of the cubic tip which is perpendicula
the surface. Note that corners are rounded due to relaxation o
cube ~see also Fig. 1!. The absolute value of the potential varie
from 1.5 eV at the internal contours, to 0.7 eV at the periphe
contours, with a step size of 0.2 eV. Solid contours correspon
the negative potential.

FIG. 6. Adiabatic potential energy as a function of the t
surface distance for the MgO tip oriented by its oxygen corne
the ~001! LiF surface above the Li1 ion. Note the hysteresis due t
adsorption of the Li1 ion on the tip on its retraction.
-

it

-
y
ill
p
y
tic

tewhich can be used to intersect the adiabatic potential is
line connecting the surface site and the stable position of
ion on the tip~which is not necessarily above the lattice s
due to the tip deformation!. The surface ion was displace
along this line toward the tip, and all other ions were allow
to relax at each position. The adiabatic potentials were
culated for displacements of the F2, C2, and O22 ions to the
tip oriented by Mg21, and of the Li1, Na1, and Mg21 ions to
the tip oriented by O22 to the surface. One can distinguis
two types of behavior in each sequence of adiabatic cur
~i! where the single-well potential at short distances tra
forms continuously into the double-well potential as th
separation increases~Li1 and Cl2!, in which case the secon
well exists at all tip-surface distances; and~ii ! where there
are tip-surface distances at which the barrier for transit
from the second well back into the surface site is extrem
small ~Na1 and F2!, or the second well does not exist at a
at short distances and forms only at larger distances~Mg21

and O22!. These two types are clearly seen in the example
the LiF surface shown in Fig. 7. This behavior of the ad
batic potential results from a combination of several facto
including the Coulomb potential produced by the tip~see
Fig. 5!, and by the surface vacancy, short-range chem

o
he

l
to

o

FIG. 7. Adiabatic potentials for the displacements of the Li1 ion
~a! and the F2 ion ~b! perpendicular to the surface at different t
positions above the surface sites. In the case of displacement o
Li1 ion, the tip was oriented by its oxygen corner to the surfa
whereas in the case of the F2 ion there was the Mg21 ion at the end
of the tip.
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interactions, and steric effects.
Only in the first case does the ion have a chance to rem

adsorbed on the departing tip. Whether this will happen
not is determined by the relative speed of the ion jum
between the wells and the tip motion. If the ion remains
the tip, the interaction between the tip and the surfa
changes dramatically. This can be seen in Fig. 6, where
energy is shown as a function of distance for the motion
the ‘‘clean’’ tip down and then up with the adsorbed Li1 ion.
The initial, almost linear, energy rise is due to the interact
of the Li ion with its vacancy and strong lattice deformatio
The latter includes large displacements of the F2 ions sur-
rounding the vacancy. The energy curve becomes less s
when the Li1 ion picks up one of the nearest anions a
distance of about 5.6 Å, which decreases the Coulomb
of the interaction~Fig. 6!. The energy drop at about 6.5
corresponds to desorption of one LiF molecule. Then
energy starts to increase again as the next Li1 ion is pulled
out, now by the F2 ion. As the distance increases, the
pulls the string of ions from the surface~see also Fig. 8!.

Connective necks are always formed if the tip is wet
by the surface atoms during hard contact or indentation. T
is a collective effect, accompanied by the formation o
crystallinelike structure in the neck.15,17 The model consid-
ered in this paper provides another extreme case where
mation of a one-dimensional crystalline structure is trigge
by the jump of one ion between two wells. The same eff
was observed in our molecular-dynamics calculations of
same tip-surface system and for two flat surfaces~see Sec.
III C !, where much longer strings were formed. They form
for the following reasons. As we have seen, if an ion adso
on the tip, it will pull out another ion of the opposite charg
The crucial moment is when the first molecule is stretch
between the tip and the surface~see Fig. 8!. One possibility
is that the second ion also adsorbs to the tip. If that happ
the string will not form, because the energy of the tip with
neutral molecule adsorbed on it, and that of the neutral
face, is lower. However, there is a barrier which the seco
ion must overcome in order to break its bond with the s

FIG. 8. A snapshot atomic configuration showing formation o
string of ions between the MgO tip and the~001! LiF surface ob-
tained in the embedded cluster calculations.
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face. This barrier depends on the tip and the surface struc
and relative configuration, and therefore in some cases
tip is simply contaminated by a number of neutr
molecules.53 However, if the second ion remains between t
tip and the surface, it tends to be coordinated by another
so it starts to pull it out from the surface. The third io
interacts more strongly with the tip and the molecule a
sorbed on it than with the surface layer underneath. If
whole process occurs very slowly, only the most stable str
tures will form at the surface. These are compact cluster
surface vacancies, and each next ion pulled out from
surface into the string is a kink ion. Thus the process
started, develops in the manner of lifting an end of a coi
rope from a ship’s deck, leaving a cluster of vacancies at
surface. This is exactly what we observed in some of
molecular-dynamics simulations for sharp tips and bin
ionic surfaces.

These results demonstrate two interconnected fac
which affect the selectivity of low-coordinated surface sit
of binary ionic crystals with respect to pulling atoms fro
another ionic surface:~i! a ‘‘chemical’’ factor which is de-
termined by the character of chemical bonding between m
strongly interacting species, e.g., anions are picking up
ions, and vice versa; and~ii ! geometric or structural factor
which can either encourage or suppress the first factor f
particular species. For instance, for the sharp tip configu
tion considered above, F2 ions do not initially adsorb on the
Mg21-terminated tip, partially due to their repulsion from th
three oxygen ions~Fig. 1!. The second factor also has
dynamic aspect due to the possibility of thermally activa
transfer of adsorbed ions between states on the tip and
surface. We also demonstrate that adsorption of ions on l
coordinated sites or on tips can initiate formation of on
dimensional strings of ions stretching out from one of t
surfaces as they separate.

However, as follows from the above discussion, selec
ity and string formation both can be peculiar just for atom
cally sharp tips considered in this model. For blunt tips
flat surfaces, which provide more equal opportunities for
sorption of cations and anions, the effect may be differe
To have a somewhat more representative model and to c
the dependence of our results on the tip orientation, we m
similar calculations for the Mg32O32 cluster oriented with
one of its sides almost parallel to the~001! LiF surface~the
angle between the normals to the surface and to the sid
the cube closest to the surface is about 5°!. This can be
viewed as a blunt tip or as a corner on a rough surface.
structures of the two clusters are not close to coincidenc
any configuration considered. The tip was moved above
surface along thê100& axis at the ‘‘dangerous’’ height o
about 3.8 Å to check the effect of different relative position
The significant difference with respect to the sharp tip w
that, depending upon the tip position, not only single ions
also groups of several surface ions experienced instab
and were strongly displaced toward the blunt tip. This in
cates that, if the second surface provides equal opportun
for adsorption of cations and anions, collective effects
formation of preferably neutral well-coordinated structur
may suppress selectivity. These issues are discussed in
detail in Sec. III C.
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2. Electron transfer between tip and surface

As discussed in Sec. III A, ion transfer may be accom
nied by electron transfer between surfaces. The elec
transfer effects can be divided into those related to
change of ion coordination, and those corresponding to
electron tunneling. We will start with the first effect.

When an ion is transferred from the surface to the tip,
initial displacement is about 1–1.5 Å, where it is still in ion
state. On the other hand, although the coordination of
adsorbed ion on the tip is just one, the electrostatic poten
of the ionic MgO tip enforces ionic bonding in the case
Li1 and Cl2. The effective charges on these ions adsorb
on the tip ~calculated using Lo¨wdin population analysis!
change only by about 0.05ueu. Changes of effective charge
on ions in strings are also insignificant, and do not exc
0.1ueu. The latter supports the applicability of the ion
model and pair potentials for this case. Although Mg21 and
O22 ions do not adsorb on the atomically sharp tip during
separation from the MgO surface, this may happen for ot
tip-surface configurations. Therefore we calculated the ef
tive charge of a Mg21 ion adsorbed on a single tip. In thi
case the electron transfer is much larger, and the effec
charge of Mg ion is about 1.3ueu.

The results of this paper demonstrate that contamina
of the MgO tip by surface ions leads to formation of ani
and cation surface vacancies. The positively charged a
vacancies produce electron acceptor states in the band g
the highest occupied state of the tip is also located high
the band gap of the surface electronic states, there is a
sibility of electron transfer from the tip to the unoccupie
surface states in anion vacancies~or indeed to other similar
states produced, e.g., by impurities! if the tip and surface are
in contact. Whether this transfer is endothermic or exoth
mic is largely determined by the lattice polarization in t
initial and final states. For electron transfer into the an
vacancy, the latter corresponds to a neutral F center on
surface and a positive hole state in the tip. Calculations
the ‘‘clean’’ MgO tip interacting with the anion vacancies o
LiF and NaCl surfaces showed that, in both cases, the e
tron transfer into the vacancy is exothermic.~To model the F
center, a floating atomic orbital was positioned in the v
cancy, and its exponent and coordinates were optimize
order to reproduce the ionization energy and the optical
sorption of the F center.! The hole is localized on one oxy
gen ion at the end of the tip, which is accompanied by stro
displacements of the surrounding cations. These results r
nate with the model of contact charging of insulators s
gested in Ref. 54, and demonstrate the effect of the sin
electron tunneling between tip and acceptor states on
insulating surface.

C. Molecular-dynamics modeling of separation of flat MgO
and LiF surfaces

In order to study a more complex effect of contact form
tion and breaking between two more extended flat surfa
we used the molecular-dynamics technique, where two
surface terraces were represented by two clusters of LiF
MgO ~see Fig. 2!. The interionic distance in MgO is large
than that in LiF by a factor of 1.05. To make the mod
relatively general, we wanted the blocks to be far from re
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istry: they were oriented parallel to each other, centered,
then rotated in such a way that their~100! axes made an
angle of about 10°. They were then brought together wit
constant speed. During approach the onset of instability
about 3.5 Å could clearly be observed~similar to that ob-
served for metallic contacts14,17!. At a separation of about 2.1
Å the two clusters were allowed to equilibrate at room te
perature. They were then separated with a constant spee
2 m/s. The questions we are asking are the following:~i!
what will the contact structure be; and~ii ! what will happen
to this structure when two surfaces separate?

MgO has a stronger crystalline field, and imposes a d
ferent structure on the surface layer of the LiF cluster wh
they are separated by 2.1 Å. Most of the LiF ions are in f
‘‘adsorbed’’ on the MgO surface even in the close conta
At the onset of separation of the two surfaces, the LiF io
remaining on the MgO surface form a pattern shown in F
9~a!. One can see that, due to the lack of coincidence,
structure of the first layer of LiF confined between two su
faces is a mixture of fairly ordered parts divided by diso
dered areas. The latter, as well as several interstitial ions
vacancies, ease the strain accumulating due to misfit.
ions in the corners, which are not shown in Fig. 9~a! because
they remain initially on the LiF cluster surface, are mo
ordered because they are confined from three sides by fro
ions. The adsorbed cluster as a whole has a charge of11
ueu. One can see that some rows of LiF ions adsorbed
MgO, especially those adsorbed at the corners, are char
This leads to formation of ionic strings between separat
surfaces, which start at these charged corners. They
shown in Fig. 10. As the surfaces separate, the adso
cluster is no longer confined, and becomes much more
dered@see Fig. 9~b!#, because of the strong interaction b
tween LiF and MgO and the small misfit of the two stru
tures.

The strings elongate at the expense of the low-coordina
ions of both surfaces, and can be fairly long~see Fig. 10!.
They are very elastic and one can observe in an animatio
the molecular-dynamics simulation that they are rotating
skipping ropes. When two chains cross occasionally, sta
structures do not form, because any further elongation le
to local shear stress which returns the system to a comb
tion of linear strings.

These results demonstrate how a junction between
dissimilar ionic surfaces breaks not at the original but a
different interface. This corresponds to contamination of o
of the surfaces. When this work was started, one of our
tentions was to see whether a separation of two flat surfa
will also lead to their charging. This idea comes from asy
metry in desorption energies for different ions, and in t
interactions between two surfaces demonstrated in this
per. This proved to be much more difficult to check due
formation of chains having lengths comparable to the size
the crystal blocks considered. In our calculations they c
grow as long as there is enough material left on one of
two surfaces. Although the surfaces are charged during s
ration, to reach definite conclusions is impossible withou
further analysis of the mechanisms of string breaking a
folding. Full scale calculations would require much larg
systems, and are not very practical. However, some iss
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15 342 56SHLUGER, KANTOROVICH, LIVSHITS, AND GILLAN
can be addressed by simple calculations. In particular, w
is the value of critical force required to break a string?

The answer to this question obviously depends on
character of the interactions within the string. As we saw
the embedded-cluster calculations, strings are also forme
the case of a quantum-chemical description of the inte

FIG. 9. The structures formed by the LiF ions on the onset
separation~a! and after the separation~b! of the LiF and MgO
surfaces calculated using the molecular-dynamics technique. O
Li1 and F2 ions initially adsorbed on the MgO surface are shown
~a!. Note the considerable structure ordering after the separa
The ions which are seen in~b! as interstitial are in fact adsorbed o
the top of the first ordered layer. This can be also seen in Fig.
at

e
n
in

c-

tions ~Fig. 8!. However, the INDO method does not accou
completely for the polarization of ions within the quantu
cluster. To check how polarization of ions in the strings c
affect their properties, we carried out molecular-dynam
simulations of individual strings with and without polariza
tion of F2 ions in the shell model. The parameters of t
interionic interactions and of the shell model were the sa
as defined in Ref. 20.

We studied a string of 12 LiF molecules, which was elo
gated at both ends by three frozen molecules. The str
with and without shells included in the calculations were fi
equilibrated at room temperature at a length which appro
mately corresponds to 25 times the equilibrium distance
one molecule. They were gradually elongated, with a c
stant speed of 1 cm/s. In all calculations, shells on the fro
ions were also allowed to relax. The average strain fo
depends linearly on the string elongation until the strin
break. The critical force with the shells included is 1.
times smaller than that calculated without the shells on
F2 ions. Hence, due to the dipole moments induced on2

ions by the string vibrations, it is easier to break a string
polarizable ions. Displacement of a negative shell with
spect to a positive core~which simulates polarization of the
F2 ions! exposes the fluorine core to one of the nearest1

ions which for such a large displacement facilitates bo
breaking. This effect should depend strongly on temperat
We checked that the force exerted on the strings create
our molecular dynamics for the separation of the LiF a
MgO surfaces was several times smaller than the crit
force required to break a string of polarizable ions. Theref
we believe that absence of polarization of the F2 ions in
those calculations does not affect formation of long string

f

ly

n.

0.

FIG. 10. The LiF and MgO surfaces after the separation. N
the cluster of LiF ions adsorbed on the MgO surface and the str
of LiF formed between the low-coordinated sites on two surfac
To increase the contrast, the Mg21 and O22 ions of the lower sur-
face are shown in similar light color.
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IV. DISCUSSION

In this paper we explored atomistic and electronic effe
which can occur during contact formation between two io
surfaces at distances corresponding to approach and se
tion ~2–8 Å! rather than hard contact and indentation. T
distance range became available for AFM studies only
cently, due to advances in experimental methods. Un
standing the mechanisms of contact formation at this
tance range is important from different perspectives. Fi
this may allow us to single out some elementary proces
which could be studied using the AFM methods. Second,
very operation of these methods and interpretations of fo
as a function of tip position is determined by the processe
contact formation and breaking.

Qualitatively, many of the features found in this paper a
similar to those observed for metals, which emphasizes t
general nature. These include, in particular, instabilities
the surface ions at distances between two surfaces less
about 4 Å, the formation of necks on separation of two s
faces, the adhesion avalanche for two flat surfaces, and
formation of interfaces when breaking a junction betwe
two dissimilar surfaces. Although some of the features lo
different due to the binary structure and ionic bonding of
materials considered in this work, their implications are b
sically the same as for metallic junctions. In particular, as
metals, for some pairs of ionic materials there can be co
sive bonding accompanied by neck formation on separat
whereas for some others weaker forces are created whic
not sufficient to pull material upon tip retraction.

This brings us to the more general issue of how us
forces or force gradients in non-contact-mode AFM expe
ments one can deduce information regarding the structur
contact. On the ‘‘yes-no’’ level, adsorption of ions and stri
formation can be observed based on the strong distance
pendence of instabilities of the surface ions and energy h
teresis demonstrated in this paper: they should change
vibration frequency of the cantilever much more strong
than nonadhesive interaction. On the other hand, this ef
puts a lower limit to the tip-surface distance at which no
contact-mode imaging with atomic resolution can be
pected. In fact, this has probably been observed in n
contact-mode AFM experiments:9,10,55,56all of them report
tip instability and also contamination which could be due
this effect. However, if there is cohesive bonding, by app
ing voltage one can prevent the instability and change
force. Correlating the effect and the sign of applied volta
it should be possible to determine which ion is at the end
the tip. Knowing that, one could then identify sublattices
non-contact-mode surface image.

More subtle details of contact formation could perhaps
studied using direct mechanical measurement of the
surface interaction proposed in Ref. 12. In particular, us
the latter technique one could study the force hysteresis
to adsorption of ions and the onset of string formation.
demonstrated above, desorption of every other molec
from the LiF surface when it joins the string is accompan
by an energy drop which corresponds to some change in
force on the tip. Similar energy and force variations ha
been observed in calculations of metallic neck formation a
elongation.17 However, the mechanism of the neck elong
s
c
ara-
s
-
r-
-
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tion is different. For metals, this involves structural transfo
mations, whereby in each elongation stage atoms in adja
layers in the neck disorder and then rearrange to form
added layer which is a more extended neck of a sma
cross-sectional area. The neck then breaks in the mid
where it becomes too thin to bear the strain. The lin
strings elongate at the expense of other molecules join
from one of the surfaces, and break, most probably at
ends.

Formation of one-dimensional strings is characteristic
binary cubic ionic systems with a fcc structure. Formation
similar strings seems unlikely for other ionic structures, su
as CaF2 or alumina, where these linear structures would n
be stable. Molecular-dynamics simulations17 have demon-
strated formation of more complex three-dimensional ne
on separation of the CaF2 tip and the CaF2 surface. Never-
theless, the one-dimensional strings observed in this w
represent prototype nanowires, whose electronic struc
and conductivity would be interesting to study.

At present, force gradients in the noncontact mode
determined by averaging over several tens of tip oscillatio
If the sensitivity of electronics would allow one to measu
the response to force changes on each oscillation, it sh
be possible to determine the jump rate for an ion betw
two wells close to the instability distance. At typical tip o
cillation frequencies of several kHz, their displacement
0.1 Å close to the turning point near the surface takes on
order of tens of nanoseconds. This time can be regulated
changing the parameters of the tip oscillations. This is ch
acteristic of ionic jumps between two wells. So if the t
would stay long enough at an ‘‘interesting’’ distance, a
one could monitor adsorption of an ion on the tip and str
formation, it would be possible to find a characteristic tim
for the jump of one ion.

Tunneling of electrons between localized states at insu
ing surfaces leads to their charging. If the mobility of th
final states of electron transfer is not high, as in the case
surface F centers and holes trapped at low-coordinated
face sites, then it might be possible to measure the chang
the force acting between two surfaces due to the elec
transfer.

To conclude, our model predicts several interesting p
nomena for contacts between ionic solids. These should
observable, following recent developments in atomic fo
microscopy.
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