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Abstract. A detailed theoretical study of the interaction of tramsition metal nanotips with
surfaces is performed in the tight-binding scheme. The real space recursion method is used to
determine the local densities of states (LDOS) of the interacting tips and samples. We consider
more especially W supported pyramidal tips with different morphologies. The interacticn of W
supported tips with W(001) surfaces is studied within the intermediate-interaction regime for
which metallic adhesive forces are dominant. The electronic structure of both the tip and the
sample are found to be substantially modified due to the tip/sample (T/S) interaction. The T/S
interaction energy curves are also calculated when the tip’s apex is located above high-symmetry
surface sites. 1t is shown that the T/S interaction energy can be reproduced with a good accuracy
using the model of a square LDOS. Finally, we present a simple numerical scheme to obtain
atomic force images. We study the influence of the tip’s morphology and of the surface’s defects
on the contrast of the resulting images.

1. Introduction

In the first part of this study [1], we investigated the electronic structure of both supported
nanotips and cluster tips with different morophologies. We have shown that the electronic
structre of supported tips is quite different from the one of the corresponding cluster
tips. This is an important feature when the tunnelling current between the tip and the
sample is calculated from perturbation-type theory {2-5]. In this paper we assess another
important point for the understanding of images obtained by scanning tunnelling microscopy
(STM) and atomic force microscopy (AFM). This point concerns the importance of the
modifications of the electronic structure of the tip and of the sample when both systems
interact ‘strongly’, Let us first summarize our present knowledge of theoretical models for
STM and AFM in relation to the importance of the tip/sample (T/S) interaction and of the
tip’s morphology (subsections 1.1 and 1.2). Then we present the goal of the present study
and the summary of this paper (subsection 1.3).

L1. Tip/sample interaction and scanning tunnelling microscopy

When the T/S distance d is small ( = 2-5 A), it is necessary to go beyond the Bardeen
perturbation approximation [2, 3] in order to take account of the coupling between the tip and
sample states. For example, Sacks and Noguera have developed a generalized expression
for the tunnelling current [6]. The difference of their expression from the Tersoff and
Hamann formula [3] lies especially in the presence of a renormalization factor that takes
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into account the modifications of the surface LDOS due to the presence of the tip. These
modifications are important in the case of ‘strong’ T/S coupling and more especially when
the combination of tip and sample states leads to tip-induced [ocalized states (TILS) as
previously noticed by Ciraci et al [7, 8].

Another model, proposed by Doyen et al [9], takes also into account ‘strong’ T/8
coupling, However for numerical simplicity, the tip is modelled by a single atom deposited
on a perfect surface. Such calculations allow us for example to show that the ‘strong’
coupling between the tip and the sample can introduce an inversion of the contrast in the
images of Pd surfaces. They show that the STM images can be strongly modified by the
ciose proximity of the tip, the tip electronic structure playing a very important role in the
tunnelling process. Therefore, a detailed theoretical study of nanotip-like electronic structure
and of the modifications of the electronic structures of such tips and samples due to their
interaction is much needed.

1.2, Atomic force microscopy and T/S interaction models

The AFM [10, 11] allows us to visualize both conducting and non-conducting surfaces at
the atomic scale. Atomic resolution has been achieved on layered materials [12-14], on
fonic crystals [15] and also on metallic surfaces [16]. It has been shown that the atomic
resolution and the observed corrugation are strongly dependent on the value of the force
involved during the experiment (i.e. on the value of the T/S distance d) and on the unknown
tip morphology. Therefore it is necessary to know the nature of the forces involved during
the experiments and to understand the influence of the tip morphology on the images.
Different interaction regimes we briefly discuss now can be defined according to the T/S
separation.

At large distances (4 > 10 A), the interaction is dominated by attractive forces of the
Van der Waals type. Such pair interaction forces are small for each individual contribution
but the resulting T/8 forces are sizable because they result from the superposition of a huge
number of these pair contributions originating from the tip. At small distances (d < 1 A),
short-range forces arising from the strong overlap between the tip and sample electronic
densities are the most important. They are strongly repulsive and are easily measured. Most
of the experimental images have been obtained within this regime. However, these forces
lead to strong deformations of the T/S junction which are irreversible so the interpretation
of the images becomes difficult.

In the intermediate regime between the above two ‘extreme’ cases, the deformmations of
both the tip and the sample are thought to be relatively small. Such an intermediate regime
has been extensively studied by Diirig er af for metallic tips and samples using both STM
and AFM {11,17]. They have shown that the observed forces are consistent with short-
range metallic adhesive forces which determine the AFM contrast. Such short-range forces
can be measured for T/S distances larger than those for which electrical and mechanical
contacts successively occur between the tip and the sample. Furthermore these authors also
have shown that in this intermediate regime the contribution (over the whole tip) of the Van
der Waals forces to the T/S force gradient is negligible [17]. Consequently, the long-range
Van der Waals forces do not modify drastically the contrast induced by the adhesive forces
at the atomic scale.

On the other hand, the influence of the tip’s morphology on the images (i.e. the loss
of the atomic resolution, the distortion of the images, ...) has been proved experimentally.
Therefore a detailed theoretical study of the contrast and of its dependence upon the tip
morphology is also needed. However, up to now, few theoretical calculations concerning
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the AFM have been. achieved, the tip being usually modelled in a very simple way. For
example, using ab initic calculations, Zhong et al modelled a Pd sharp tip by a single
atom in order to study the AFM cormrugation of graphite surfaces [18]). Ciraci ef @f have
studied the forces and deformations of a single Al atom tip deposited on an Al surface and
interacting with another perfect Al surface [19]. Ciraci et al have also performed a study of
the short- and long-range forces between an Al blunt tip and an Al sample [20], the blunt
tip they consider being modelled by another slab facing the surface.

For more complex tip structures, semiempirical methods have been used. For example
Abraham et al have considered tips made of one to four Si atoms interacting with an
Si surface via empirical potentials (pair and triplet interaction potentials) [21]. They have
studied the influence of the tip’s morphology on the AFM images they obtained. Tekman and
Ciraci used a periodic force field to model Al blunt tips—{4 x 4) or (5 x5) flake—interacting
with Al or graphite surfaces [22]. They considered more especially the repulsive force
regime and showed that the image distortions are clearly related to the tip*'s morphology.
Bozzolo and Ferranie used a modified equivalent crystal theory to describe the bimetallic
interaction between a sample and tips made up of one to five atoms [23]. They showed the
influence of the chemical nature of the tips and sample on the corresponding T/S forces.

Finally some calculations have been performed in the molecular dynamics framework
to take account of the deformations induced by the T/S interaction. These calculations
are based on semiempirical models for the electronic structure. They are more especially
devoted to the study of the indentation processes. Different metallic systems have been
considered. For example Landman et al studied adhesion, nanoindentation and fracture at
the atomic scale for Ni tips and Au samples {25] within the framework of the embedded atom
method; Sutton et af studied the mechanical properties of Ir (Pb) tip and Ir (Pb) sample
[25] using the Finnis—Sinclair empirical potentials. These calculations show that during
the indentation process both strong T and (or) S imeversible deformations and atomic
flows from the S to the T {or vice versa) occur. They are strongly dependent upon the
mechanical properties of the considered systems and are much smaller for hard materials
sich as transition metals (W, Ir, Re,-...) than for soft metals (Pb for example) [25].

1.3. Summary

The purpose of this paper is to evaluate the modifications of the electronic structure of both
the tip and the sample surface when they are put close to each other. The T/S interaction
energies and the influence of the tip morphology on these interaction energies and on the
corresponding forces are also obtained. The regime of T/S separations we consider here is
the intermediate-interaction regime (d = 2-5 A) where the tip/sample orbitals’ overlap is
sufficient to create T/S ‘chemical bonds’. This regime is similar to the one considered by
Sacks and Noguera [6], Ciraci et al [8] and Diirig et af [17]. In this intermediate regimoe,
the adhesive forces determine the AFM contrast, the short-range repulsive forces (d < 1 A)
and the long-range Van der Waals forces being of smaller importance.

The tips are assumed to be pyramids whose apexes are of atomic dimensions. T1ps
having the same shape as those obtained experimentally by Vi Thien Binh er al [26] are
also considered. 'We restrict the present study to the transition metal W tips and samples.
The interaction of these tips with W surfaces and the modifications of both the tip and
sample surface LDOS are studied, as well as the evolution of the T/3 interaction energy.
The geometrical complexity of such systems involves supercells too large for ab initio
calculations and hence computing times too large to determine the band structure of these
systems. This is why we choose the tight-binding approach to describe the electronic
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structure of the considered systems. We also use the real space recursion method to calculate
the LDOS of the T/S systems.

The content of the paper is as follows. In section 2 we briefly present the method of
calculation. In section 3, we discuss the modifications of the tip and sample LDOS due to
their interaction. Section 4 is devoted to the general properties of the T/S interaction energy
and to the range of validity of scaling laws. Using further approximations for the energy,
we develop a simple numerical scheme to obtain AFM images (section 5). This will allow
us to establish precisely the conditions to obtain atomic resolution in the attractive adhesive
force range. We study more especially the influence of the tip’s morphology and of the
surface’s defects on the atomic force contrast. Finally we summarize the most significant
results we have obtained (section 6).

2. Method of calculation

The method of calculation and the model for the energy have already been described in
more detail in the first part of the study [1]. Let us now briefly recall the salient features
of such a method.

2.1. Model for the encrgy

The total energy E = Ep; + E, results from two contributions. The repulsive energy E,
is chosen to be described by a pair potential of the Born—-Mayer type whose parameters
are fitted to obtain the bulk isotropic compressibility B, and cobesive energy E;. Then
the calculated equilibrium Jattice parameter ap is nearly equal to the experimental one. The
values we have chosen for W [27] are close to those of Gschneidner [28]. The attractive band
term Ep; is obtained from the LDOS. In this first study, the energy Ej is the one-electron
contribution due to the °d’ electrons of the considered transition metal. The tight-binding
Hamiltonian is obtained from the energy levels £; and the hopping integrals #,,(R;;)
between two sites [ and j (A and g label the different orbital symmetries). The hopping
integrals are described by a linear combination of the three Slater-Koster parameters dde,
ddm, ddé [29]. These parameters are assumed to vary exponentially with the interatomic
distance. They are non-zero only between first- and second-nearest neighbours (NN). For
the study of the T/S interaction forces, we must perform an analytical continuation for the
hopping integrals to avoid artificial discontinuities in the numerical calculation of the forces.
In this case, the r{I2} have been chosen to decrease continuously to zero with interatomic
distance R when R, < R < R, (R; = R3 is the interatomic cut-off distance) with R,
the value for which the analytical continuation begins, lying between Rz and R3 (R, being
the equilibrium distance between two nth NN). We have also tried different forms for
the continuation or for the analytical forms for the hopping integrals. As we have already
mentioned, the results we obtain for such different distance dependences do not significantly
modify the LDOS either for the atoms of the sample surfaces or for those of the tips [1].
In our calculations, we required self-consistent local peutrality on each atomic site.
The self-consistent procedure is performed assuming that the local energy levels gy are
independent of the considered ‘d’ orbital symmetry (g;, = &;). These levels are determined
to obtain the band filling within the local neutrality with an accuracy of 10~%. In practice,
this self-consistent procedure is performed for the tip atoms and for the three first planes
of the sample (S) and of the tip’s support (TSp} from their respective surfaces, with a
lateral extent limited to the equivalent of twice the tip’s basal area. This cut-off defines
the ‘perturbation domain’ (containing up to 50 inequivalent atoms when the tip is located
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at high-symmetry surface sites). Its choice results from the fact that the energy levels
and electronic structures of the free semi-infinite § and TSp metals are recovered at the
boundaries of this domain.

Finally in this scheme, the band structure energy may be written as a sum of local
energies E¥ over all the atoms constituting the system as mentioned in the first part of this
study [1].

2.2. The calculation of the densities of states

The LDOS are calculated by the recursion method [30] with N exact pairs of recursion
coefficients (a,, b,). The asymptotic values (@, boo} are obtained by the Beer—Pettifor
method [31], which determines the exact value of the centre of the spectral support {a.)
and the exact value of the spectral support’s width (4+/b.) for the considered state.

For most of the cases we consider here, we have found that the value N' = 8 represents
a satisfactory compromise between precision and computing time. However note that when
the tip and sample are chosen to be of different chemical species there may be a peculiar
behaviour of the coefficients. This behaviour originates from the differences of the band
width and band filling between atoms of different chemical natures. In fact, the spectral
support of the |iA} state can be considered as the ‘union’ of the spectral supports of all the
atoms encountered in the calculation of the iterative recursion base. Finally, the calculated
spectral support of the [{A} state can be substantially larger than that of the comesponding
bulk state, because of the different energy positions of the spectral supports for all the
considered atoms. This is why we observe in such a case a crossover between two regimes
corresponding to low and high values of the b, coefficients. In such cases, the asymptotic
regime is obtained for larger values of N (for example, N = 14 for the case of an Fe tip
and an Ni sample).

2.3. The structure of the considered systems

The perfect tips are assumed to be the sharpest possible perfect pyramids (pyr) with a
monoatonic apex and are supporied by a perfect semi-infinite bee crystal (TSp). They are
built from % perfect bee (001} or (111) planes. We also considered truncated pyramids
(tpyr). They are obtained from the perfect ones when suppressing the topmost atoms, so
that they have multiatomic apexes with for example four or nine atoms for (001) planes and
three or six for (111) planes. The sample is also assumed to be a perfect semi-infinite bce
crystal, limited by a (001) or (111) surface with or without steps. The z axis is chosen to
be perpendicular to the (001) surface. (See for example figure 1.)

Finally as a first step for such calculations, the interacting tip and sample are separated
rigidly without surface relaxation, reconstruction or tip or sample deformations from their
interaction. The distance 4 between the apex and the surface is assumed to vary between
one and three interplanar distances dgery (with (&I} = (001) or (111)). The approximation
of a rigid tip and sample seems @ priori to be rather crude, but we guess that we can obtain
good trends concerning the tip electronic stmeture and the T/S interaction and quite good
qualitative features for the contrast of AFM images. Of course this model cannot describe
the extreme cases for which (i) there is a snapping together of the tip and sample [32]
or (ii) there are irreversible deformations of the sample and (or) the tip (strong-repulsive-
force regime). In order to clarify this point and to estimate the range of the T/S distances
for which the above approximations are still valid, preliminary tight-binding molecular
dynamics calculations have been performed. They have shown, for example, that for hard
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Figure 1. A schematic three-dimensional representation of the supported pyr(001) h = 4 tip
interacting with a (001) sample surface. The ‘perturbation domain’ is defined by the tip and
sample atoms which are labelled to be ‘self-consistently’ treated. Note that only a limited extent
of the tip’s support and of the sample surface are shown.

materials such as Re, the deformations of the tip and sample are not drastically important
for the regime of attractive adhesive T/S forces we consider here [33]. Similar behaviours
have been obtained for hard-transition-metal T/S systems (such as Ir) [25].

3. T/S interaction—LDOS modifications

In this section, we study the interaction between the perfect W supported tip pyr(001) 2 = 4
and a W(001) surface (S) versus d (d is the distance between the sample surface and the
tip apex). We assume that the apex occupies either a hollow (H) site (i.e. a site above the
centre of a square of first surface NN) or a top (T) site (i.e. a site on top of a sample’s
surface atom).

First we discuss the modifications of the apex LDOS and of its NN on the sample surface
(sNN). As the T/S distance d decreases, the number of NN of the apex and of the sNN
atoms increases, Hence, the corresponding LDOS broadens progressively. This broadening
is less important for a T site, because there are fewer bonds between the tip and the sample
than for an H site. The aLDOS and the sSNN LDOS present new structures introduced by the
tip and sample atoms which interact directly via large hopping integrals. For example, with
a pyn(001) h = 4 facing an H site, the qualitative bonding and antibonding features of the
aLDOS are more and more marked for decreasing values of d (figure 2(a)); the states above
and below ¢ are progressively shifted towards the top and bottom of the band respectively.
These shifts induced a strong hole in the middle of the aLDOS. This hole is directly related
to the decrease of the W(001) surface peak in the sSNN LDOS (figure 2(a)), which nearly
disappears for d/do1y < 1. With a pyn(001) 2 = 4 facing a T site, a new peak appears
above £ in the aLDOS (figure 2(b)). While the qualitative bonding and antibonding features
decrease slowly for decreasing d values, this new peak is shifted towards high energies with
an increasing amplitude. This peak is due to the strong interaction between the apex and
its on-top sNN. It corresponds to a strong d,2-directed bond. Note that for d/do1y = 2, the
apex and its unique sNN are second NN.
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Figure 2. The LDOS of the apex and of its sample surface NN (sNN) for different values of
the T/S separation. d is the perpendicular distance hetween the apex and the sample surface.
(«) Hollow site. The full line is for d/diory = 1.1, the dotted line for d/dgo1) = 1.4 and the
dashed line for d/digory = 2.0. (&) Top site. The full line is for d/dwppy = 1.6, the dotted
for d/diny = 1.8 and the dashed for d/dgor, = 2.0. The energies are given in electron volts,
the values of the densities of states are given in states per electron volt and the vertical line
represents the Fermi Ievel sr.
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Figure 3. (a) Interaction energies Ej,, between pyr(061) 2 = 4 and W(001) for a hollow site.
They are obtained with the constant-LDOS medel (squares) and with the complete electronic
structure calculation {circles). The full line is the corresponding Rydberg function. (b} A
schematic representation of the force Fy(r,z) for a given = value and definitions used in the
text for solving the equatior F,(r,z)} = Fp.

One finds the same trends for the sNN LDOS (figure 2(b)). The peak located above
&g is also shifted towards the top of the band, with an increasing amplitude, for decreasing
values of 4. This peak originates also mainly from the d,z orbital of the sSNN. The positions
of these peaks (for the three values of 4, i.e. d/dgr) = 1.6, 1.8, 2.0) correspond exactly to
those of the al.DOS peaks.

We have shown that strong modifications of the LDOS happen for tip and sample atoms
interacting directly via non-zero hopping integrals. These modifications are sensitive to
small variations of 4 and to the nature of the site facing the apex. They are due to the
strong T/S interaction which occurs in the intermediate regime (1 < d/dgpopy < 2 for (001)
planes) for which a ‘chemical’ bonding appears between the tip and the sample atoms. This
‘strong’ interaction is characterized by the tip-induced localized states (TILS) previously
introduced by Ciraci et af [8]. Such states ‘are formed from the bonding and antibonding
combination of tip and sample states’ [8] and lead to the LDOS medifications described
above.

This stedy shows again that the T/S interactions modify strongly the LDOS, so that the
tunnelling current between the tip and the sample cannot be calculated in the intermediate
regime we consider here from the free apex and sample surface LDOS [34].

4. T/S interaction energy

The T/S interaction energy E;,(d) is detenmined by the tota] energy difference between the
coupled and uncoupled systems versus the T/S distance 4.
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4.1. Properties of the T/S interaction energy

The T/S interaction energy E;,.(d), which is obtained by integrating the L.DOS [1], is much
less sensitive to the modifications of the local environment than the LDOS themselves. This
is why E;,; is mostly given by the local energies of the most perturbed atoms, i.e. by those
tip and sample atoms which are directly coupled by non-zero hopping integrals. A previous
work [35] shows that most of the interaction energy originates from these atoms, even if the
others can contribute significantly (up to 20%) to the total interaction energy (see table 1
in [35]). Therefore E;,, is nearly insensitive to the tip’s morphology orly if such strongly
coupled atoms remain the same.

Moreover, it has been previously suggested that, while the magnitude of the interaction
energy is sensitive to the tip’s morphology and to the tip material, the interaction energy
versus d curve has ‘universal’ form independently of these parameters [36]. We have
verified that the curves we obtain for E;,, () satisfy this scaling law and can be written as
Ein(d) = AEf(d —dp)/L. AE is the maximum interaction energy, dy is the separation at
which this maximum occurs and L is related to the curvature of this maximum. Moreover
JF(w) fits, rather well, to the Rydberg function given in [36] when and only when the tip
is facing high-symmetry surface sites. Note that the values of AE, d, and L are strongly
sensitive to the considered site: AE(dp) are (respectively) much larger (smaller) for the
hollow (top) site, the T/S interaction occurring via a larger (smaller) number of T/S bonds.

4.2. Friedel's model for the LDOS and T/S interaction energy

The detailed calculations of the LDOS are not necessary to obtain the general trends for
transition metal cohesive or surface energies [37,38). It is often sufficient to assume that
the LDOS is constant (Friedel’s model [37]), the width of the square LDOS being fitted to
its exact tight-binding value. We have verified [35] that the T/S interaction energy can also
be obtained with a good accuracy using this simple assumption. For example, compare the
interaction energies between a perfect pyr(001) - = 4 facing an H site of a W(00L) surface
(figure 3(a)). These energies are obtained both with the simple constant-LDOS model and
with the ‘exact’ electronic structure calculations.

Even if the energies obtained with the two methods of calculation are not strictly equal
for all 4 values, the qualitative trends remain the same for both calculations. In order to
quantify the differences between these two methods, one can compare the relative evolution
of the interaction energy between the H site and the T site. For that, we characterize the
contrast by the quantity C(d) defined by C(d) = (EZPLLOW —ETOPy /(EHOLLOW L ETOPy
The results obtained with the two methods of calculation are very close to each other
{(figure 4). Note that the divergence observed in the C{d) curve 1s due to the fact that the
sum EfOLLOW 4 ETOF s zero for this d value. This shows that AFM images with a
satisfactory contrast can be calculated within the constant-LDOS model.

Finally, note that the magnitude of E;;,; i.e. the scaling factor AE (i) depends sensitively
on the tip and sample material (via the band width and the band filling) and varies as the
cohesive energy with the band filling and (ii) is qualitatively identical for both A tip/B
sample and B tip/A sample (see figure 1(&) [39]).

5. AFM images

The approximation of constant LDOS, which is also called the second-moment
approximation, allows us to obtain the interaction energies within short computing times.
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Figure 4. Cm:ﬁtrast géd;)-—_- (EHOLLOW _ gTOPy(EROLLOW 4 FTOPY yersus d (the same
notation as in figure 3(g)).

This is why we use it to simulate AFM images when the tip scans the sample surface and
for various tip morphoiogies, sample surfaces with or without steps, deposited clusters, etc.
The next section is devoted to the method of calculation and to the results obtained from
this study.

5.1. Model for the energy

In this scheme, the local energies E; of the atoms i result from an attractive band energy
Ey; contribution and from a repulsive energy E,; coniribution. Ep; is calculated from

Ep = (N —10)N /20

where N is the band filling of the ‘d’ bands. The hopping integrals £ (Ry;) are now assumed to
decay continuously with interatomic distances R;; down to zero for the fifth NNs (R; = Rs),
with a hyperbolic cosine analytical form, Ry; being the distance between atom i and atom
J
The repulsive energy contribution E,; is described by a pair potential:
Ry<Re
En=Ar Y f(Ry)
J#i
for simplicity, the fx(R) function having the same analytical form as the ¢(R) function, We
have chosen these continuous decaying ¢ (R) and f;(R) functions to avoid discontinuities of
the total energy derivatives. The repulsive parameters are fitted as previously to obtain the
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experimental values for the lattice parameter, the isotropic compressibility and the cohesive
energy of tungsten [1].

5.2. Tip/sample interaction

The AFM images are obtained from the T/S interaction energies. They are determined by
the total energy difference between the coupled and uncoupled systems versus d and for a
set of different tip positions r = (x, y) over the sample surface (S): Ep,(r,d) — E(r, 00).

The W tips we consider are the same as above (see subsection 2.3). They are built up
from A = §,9 bee(001), (111) planes respectively. We also study the effects of truncated
tips with multiatomic apexes with n = 9 atoms for (001) planes, 3 or 6 atoms for (111)
planes (noted tpyr(kkl) n apex atom(s) with (hki)= (001) or (111)}). The sample surface
(S) is assumed to be a perfect semi-infinite bee crystal, limited by a surface with or without
steps. Adsorbates or clusters can also be deposited on its surface The (8) and (TSp) surface
lattice vectors are tilted by an angle & (figure 5).

8=35.0°

surface lattice atoms of

the (111) TS
( ) P Figure 5. The definition of the tilt angle & between the

. surface lattice vectors of a (111) TSp and those of a
% (001) surface atoms (001 sample surface,

The present study is devoted to the influence of the tip’s morpholpgy on the contrast
of AFM images. We guess that in the attractive force regime we essentially consider here,
the approximation of rigid T/S does not change the qualitative features we obtain for the
contrast (see subsection 2.3).

In this first study, we are only interested in the perpendicular compcment of the force
defined by F, = —dE;, (v, z}/dz for a fixed r (the z axis being perpendicular to the (S)
and (TSp) surfaces, even if the crystallographic orientations of these surfaces are different).
We have calculated images either in the constant-force or in the constant-z mode. For a
constant force F, = Fy, the tip follows an interaction surface Zg (x, ¥) which is usually
taken to be the surface topography.

We are especially interested in the attractive regime (fg < 0). In this case, for each r
there exist two Z solutions (Z_ and Z..) satisfying the equation F,(r,z)} = Fp. They are
characterized respectively by a negative and by a positive force gradient (see figure 3(b)).
Furthermore, the equation cannot be solved for force values smaller than the critical force
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Feris () which is the corresponding largest attractive force. Therefore the constant-force
surface Zr, (x, y) can only be obtained in a limited range of attractive forces. Within this
range, the F;(r,z) = Fp equation can be solved for all the  positions of the tip over
the sample’s surface and for the same force gradient sign. The lower boundary Fy, of the
attractive force range is defined by the valve Fy = Fi,;,(r) for a specific tip position 7
for which Feri (1) 2 Fepit (1), Vo,
" In the images we present here, the x(y) axis is represented by the horizontal
(vertical) axis (respectively). From the constant-force surface Zpg,(x, ¥}, we define the
corrugation AZ as AZ = Zpmax—Zg min and the average T/S separation as Z, =
(Z g, max +Z g, min)/2.

In the following, we consider a perfect W(001) surface, a surface with a monoatomic
step and finally a W(001) surface on which clusters are deposited.

5.3. Images of a perfect W(001) surface

Let us summarize the main results we obtain for perfect surfaces [39]. Using monatomic
apex tips, the images have the right pericdicity of the sample surface lattice and the maxima
of the Zg,(x, ¥) surface correspond to the real atomic positions. In the constant-force mode,
a larger corrugation is observed for the (001) tip than for the (111) tip: AZ(001) = 1.49 A,
AZ(111Y =1.14 A for a force Fp =-—-1.0eV A-! witha negative gradient (Z,, ~ 1.98 fk).
As expected the comugation decreases when the T/S distance increases: AZ{001) = 0.19 A,
AZ(111) = 0.13 A for a force Fy = —1.0 eV A~ witha positive gradient (Z,, ~ 3.10 A).

For truncated tips, the corrugation decreases with the number of apex aftoms: for a
constant force Fp = —1.0 eV A1 with a positive gradient, we obtain AZ = 0.071 Afora
tpyr(111) with three apex atoms, 0.054 Afora typr(111) with six apex atoms and 0.058 A
for a tpyr(001) with nine apex atoms. The images, obtained with multiatomic apex tips,
exhibit ‘distortions’ (i.e. band or zig-zag patterns, contrast inversion) which were previously
reported both experimentally and theoretically in the repulsive regime [12,39,40]. These
‘distortions’ depend strongly on the tip morphology and on the & value. The band or zig-zag
patterns are mostly observed with truncated (111) tips, so that the maxima of the Zzo(x, ¥)
surface do not match any longer with the real atomic positions. An example of these band
patterns is given in the next section.

5.4. Images of a stepped W(001) surface

Here we consider a W(001) surface with a monatomic (101) step. The black straight line
on the images represents the x = 0 step’s edge position. Using a perfect pyr(111), the
images (figure 6(a)) have the right periodicity of the sample surface lattice, and the maxima
correspond to the atomic positions. In order to analyse the surface corrugation and the step’s
height, cuts are made along the y axis, as represented by the AA’ and BB’ lines (figure 6(b)).
The AA’ line is a line of H sites to the left of the step (x < 0) and a line of T sites to the
right of the step (and vice versa for the BB’ line). Far from the step’s edge, we recover
the W(001) cormigation previously obtained for a perfect pyr(111) (i.e. AZ = 1.1 A) for
Fo = —1eV At with a negative gradient (figure 6(q)). We also estimate the average
step’s height AZ,., ~ 1.6 A which corresponds quite well to the (001) interplanar distance
(dory = ao/2 = 1.58 A). .

For an attractive force of Fy = —1.0 ¢V A~} with a positive gradient, the average T/8
distance increases as expected and the corrugation of the surfaces far from the step’s edge
decreases by one order of magnitude approximately (figure 6(&)). The surface corrugation
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Figure 6. (a) A constant-force image of a W(001) surface with a monatomic step using a perfect
pyr(111) tip. The value of the constant force is Fp = —1.0 eV A-1 with negative gradient and

= 27.5°. The lateral dimensions are 5ap x Sag (with the lattice parameter ap = 3.1655 A), and
Z is given in dngstroms. The vertical line represents the real x = 0 step's edge position. Far
from the step’s edge, the imaged atoms match with the real atomic positions. Note the presence
of ‘phantom’ atoms just to the left of the step’s edge. (b) Cuts along the AA’ and BB’ lines

0.0

as defined in (a) for the attractive force Fy = —1.0 eV A-! with both negative and positive
gradient. Note that the average step’s height remains the same for the different constant-force
values.

is very small as compared to the step’s height so the atomic resolution is practigally lost.
Note that we always find the same value for the step’s height (AZ,, ~ 1.6 A) for all
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values of Fjp.

Let us now discuss the image near the left of the step’s edge (bumps in the range
—3.0 < x < —2.0 in figure 6(a)). These imaged ‘atoms’ do not correspond to sample
atomic positions. We call them ‘phantom’ atoms. In fact, the AFM images are T/S
interaction images and therefore contain information about both the tip and the sample.
As already mentioned [39], the sharpness of the tip and (or) of the sample’s structures
(i.e. steps, deposited clusters) plays an important role. The role of AFM probe is played
either by the tip or by the sample’s structure depending on which has the sharpest shape.
In the present case, the step’s edge is sharper than the perfect pyr(111) itself. Hence the
step’s edge atoms and the ‘phantom’ atoms are in fact tip’s atoms imaged by the step itself.
Therefore their shapes and positions are strongly dependent on the tip morphology and on
the 6 values. For 8 = 90° and for the same conditions as above, we do not observe any
longer the ‘phantom’ atoms in the step image (figure 7). These effects can be explained by
the fact that for 8 = 27.5° the tip presents one of its three edges directed towards the step
while for 8 = 90° the tip presents one of its three faces towards the step. Consequently, for
@ = 27.5°, the step’s edge images the tip apex and its first NN located on the tip’s edge.
For 8 = 90°, the step’s edge images a part of the oriented tip’s side yielding an ‘average’
image. We have performed calculations for other values of & and observe that the positions
of the ‘phantom’ atoms move with respect to the 8 values. This study of a stepped surface
reveals the reciprocity between tip and sharp sample structures observed in the images. An
even more convincing example is given in subsection 5.5.

2.500

0.000

-2.500

g .
Figure 7. A constant-force image with the same conditions as in figure 6(a) except that now
6 = 90°. Note the disappearance of the ‘phantom’ atoms.

]

For truncated tips (typr(111) with three apex atoms), the corrugation on the surfaces far
from the step’s edge decreases with the number of apex atoms as mentioned in subsection
5.3, the average step height keeping the same value as for perfect tips (figure 8(b)). We
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Figure 8. (a) A constant-force image of a W(001) surface with a monatomic step using a
pyr(111) three apex-atom tip. The value of the constant force is Fop = ~1.0 eV A~! with

negative gradient and 8 = 27.5°. The lateral dimensions are Sag x Sap and Z is given in
&ngstroms. The vertical line represents the real x = 0 step’s edge position. Note the distortions
exhibited on the surfaces far from the step’s edge and the displacement of the imaged step’s
edge with respect to the real position. (b) Cuts along the AA’ and BB’ lines defined in (a).
Note that the average step height is the same as in figure 6(b).

also observe band patterns on the surfaces (figure 8(a)) which can be explained in terms
of multiatomic apexes as mentioned in 5.3. This peculiar band pattern is due to the fact
that one side of the triangular apex atoms lies nearly along the surface sample [010] rows
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(because 8 = 27.5°). However, we cannot easily interpret the band shape which can be
symmetric or asymmetric as in figure 8(z).

We also observe the ‘step’s edge’ atoms and the ‘phantom’ atoms (both for the same y
constant-value direction because of the 8 value), but their positions are displaced to the left
of the step’s edge. This can be easily understood by the fact that the tip position r = (x, y)
is given by the centre of gravity of the three apex atoms’ triangle. However some tip atoms
and especially the apex ones experience the presence of the step atoms (and vice versa)
before the tip is close to the step’s edge (x = 0). This explains qualitatively why the imaged
step’s position is displaced as compared to the real position.

Finally, using tips having different morphologies, we always find the same step height,
even if these different tip morphologies induce peculiar effects such as band patterns and
(or) ‘phantom’ atoms.

5.5. Images of deposited clusters on the W(001) surface

In order to really show the reciprocity between tip and sharp sample structures, we present
some images of deposited clusters. The cluster supported by the W(001) surface is
represented by a five-atom pyramid with a square base. The cluster’s edge angle, with
respect to the z axis, is smaller than the edge angle of pyr(111) tips, i.e. it is sharper than
the pyr(111) tips. The image of this cluster, obtained for a tpyr(111} with three apex atoms
(for a constant force Fo = —1.0 eV A~! with a negative gradient), is shown in figure 9.
In fact, we do not observe the cluster which has a fourfold symmetry, but rather the first
tip planes with a threefold symmetry. As already mentioned, the images originate from
T/S interaction and contain information about both the tip and the sample. In the case we
consider here, the sample’s structure, i.e. the deposited cluster, is sharper than the tip itself
and plays, in fact, the role of the probe. This is why the cluster ‘images’ the topmost atoms
of the tip, the number of imaged tip planes being directly related to the cluster’s height.
Note that, around this feature, one finds again the W(001) surface image, which exhibits
distortions (band patterns) because of the multiatomic apex effects.

Note that we have presented an image with a negative force gradient because the atomic
resolution is obtained with these forces. For attractive forces with negative gradient, the
atomic resolution is lost as observed above (figure 6(F), section 4) but we also observe a
‘cluster’ with a threefold symmetry for a constant force Fy = —1.0 eV A~" with a positive
gradient,

In order to emphasize the relative role of the tips and sharp clusters, the deposited
cluster is now flattened so that its edge angle is equal to that of the pyr(111) tip. The image,
obtained for a tpyr(111) with three apex atoms and a constant force Fy = —0.3 eV A~! with
a negative gradient, exhibits a peculiar effect (figure 10). One can cobserve the threefold
symmetry of the multiatomic apex, but the cluster’s fourfold symmetry is also found around
each imaged apex atoms. Note that, now, we only image the first two ‘tip planes’ because
the cluster has been flattened.

This example illustrates clearly the problems encountered in the interpretation of T/S
interaction images and the respective roles played by the tips and sharp deposited clusters.

5.6. Can atomic resolution be obtained experimentally?

Let us now discuss the conditions to obtain images with atomic resolution. We have
shown that the atomic resolution can be achieved on a perfect W(001) surface for attractive
forces with both negative or positive gradients. Qualitatively, for monatomic apex tips
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Figure 9. A constant-force image of a W(001) surface with an adsorbed cluster (five-atom
pyramid) using a W(111) three-apex-atom tip (Fy = —1.0 eV A~! with negative gradient and
8 = 27.5°). The lateral dimensions are 6ag x 6ap and Z is given in ngstrdms.

the calculated surface corrugation is in the &ngstrom range for negative force gradient
and decreases by approximately one order of magnitude for corresponding forces with
positive gradient. The corrugation is much smaller when considering multiatomic apex
tips. However, for surfaces with defects (steps or deposited clusters), atomic resolution
is only obtained for attractive forces with a negative gradient, because in such cases the
surface corrugation is of the same order of magnitude as the ‘defect corrugation’ (at least
for the cases we have considered). For attractive forces with a positive gradient, the surface
corrugation is one order of magnitude smaller then the step or cluster’s height. Therefore
the atomic resolution is lost in the corresponding images (for example see figure 6(b), and
figure 4(b) in {39)).

Experimentally force measurements can be performed using two different techniques. (i)
In static measurements, the force is deduced from the deflection of the cantilever multiplied
by the spring constant k of the tip/cantilever system. Nevertheless, cantilever instabilities
occur when the gradient of the considered F,(r, z) force exceeds the value of the spring
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Figure 10. A constant-force image of a W(001) surface with a flattened adsorbed cluster using
a W(111) three-apex-atom tip (Fop = —0.3 eV A-1 with negative gradient and 8 = 27.5°). The
lateral dimensions are 6ap x 6ap and Z is given in dngstroms. Note the fourfold symmetry of
the cluster around each imaged apex atom.

constant k. It can be shown that these instabilities always occur within the positive force
gradient range. (ii) Dynamic measurements such as those performed by Diirig et al [17]
rely on the shift of the cantilever’s resonance frequency induced by the T/S interaction. This
frequency shift is related to the corresponding T/S force gradient. However for negative
force gradients, the sign of the forces (i.e. repulsive or attractive forces) can only be known
by integrating the force gradients.

It is expected that atomic resolutions can be obtained in the attractive force regime
with a negative gradient. However the fundamental experimental problems are the a priori
choice (i) of the spring constant k, which has to be sufficiently large to avoid tip/cantilever
instabilities but not too large to be sensitive enough to ‘small’ T/S interaction forces, and
more especially (ii) of the constant force Fy which has to be measured for any tip positions
r during the surface scans.
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6. Conclusion

In this paper, we have investigated the electronic structure of wansition metal nanotips with
different morphologies interacting with transition metal surfaces. We used the tight-binding
approximation in order to describe the band structure of the considered tips and samples
and we determined the LDOS from the real space recursion method.

We have studied the interaction of W supported nanotips with a W(001) surface within
the intermediate-interaction regime (ie. d = 2-5 A). The main results can be summarized
as follows. (i) The LDOS of the apex and of its surface NN change drastically with the T/S
separation distance . The observation of 2 strong hole in the middle of the band or of new
peaks occurring from strong directed T/S bonds depends on the nature of the surface site
facing the tip (H site or T site). (ii) These LDOS modifications have been explained in ferms
of TILS, which were introduced by Ciraci er al [8]. They have also to be taken into account
when performing a tunnelling current calculation, at least for the T/S distance we consider
here. (iii) The T/S interaction energy curves follow a scaling law, as a first approximation,
when and only when the tip’s apex is above high-symmetry sample sites. These energetic
properties could be obtained with a good accuracy by assuming that the LDOS are constant
(Friedel’s model). This approximation reduces considerably the computing times for the
interaction energies. (iv) Finally within the model of a square LDOS, we have obtained
AFM images especially for transition metal tips and samples and for the interaction range
dominated by adhesion-type forces. The study of W(001I) surfaces has revealed that the
‘flatter’ the tip is, the smaller the cormgation is. The role of the AFM probe can be

_played either by the tip or by surface sample ‘structures” (i.e. step edges, deposited clusters)
depending upon their relative sharpness. With truncated tips, distorted images are obtained
as already observed both experimentally and theoretically. The conditions to obtain atomic
resolution are also discussed. )

The range of validity of the calculations we present here is limited by (i} the neglect
of the deformations resulting from the T/S interactions and (ii) the use of a semiempirical
method. The first assumption restricts the range of T/S distances for which the calculations
can be considered to be reglistic. Tight-binding molecular dynamics calculations are now
under progress in order fo take account of these effects. On the other hand, the use of
semjempirical methods to study such effects is required, at least for transition-metal-based
systems, by the large number of inequivalent atorns and the large computing times needed
to obtain images with a reasonable accuracy. However considering the recent progress of
the Car-Parrinelio method [41] combined with ‘appropriate’ pseudopotentials for transition
metals [42,43], an ab initio calculation of the interaction for such systems is expected to
be possible in the near fumre. Note finally that we considered here, for simplicity, non-
magnetic systems. The magpetic interaction between transition metal tips and samples is
now being studied and will be presented in a forthcoming paper.
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