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Role of the tip atom in STM and AFM: Theory of atom transfer
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The interaction energy and forces between tunnel tips composed of an adsorbed W or Al atothloh W
and Al(111) with an Al(111) sample surface have been calculated within a spin-unrestricted screened Hartree-
Fock theory, which includes electron correlation, multiple image effects, and the electric fields between tip and
sample. The potential-energy surface for an Al atom between tie@/and the A{111) electrodes is also
calculated within the same model. The results show that the Al atom will be spontaneously transferred from the
Al surface to the W surface, if the W10 surface is brought close enough to the14ll) electrode. This
suggests that transfer of Al atoms to the tip in scanning tunneling microscopy will occur, if @hlpAburface
is scanned with a tungsten tip. The analysis of the interaction energy between the tip and the sample reveals the
physics behind this behavior. The special properties of the MA® tip formed in this way are discussed in
relation to the tunnel current and the force gradient, which have been measuredidpybai Ziger for an Ir
tip on an Al foil. The calculated force gradients for the AY0 tip above the Al111) sample surface
resemble closely the experimental results ofriuand Ziger, indicating that material transport from the
sample to the tip has occurred in these experiments. The force between the tip and sample reaches its attractive
extremum at a relatively large tip-sample separatib8 é and the force gradient changes sign because the
dominating interaction changes from the long-range image type to chemisorption covalentlike. With the tunnel
tip obtained by Al-atom transfer from the @1 surface to the ML10) electrode, the theory gives a satis-
factory explanation of the trends displayed by the measured tunnel current and the force gradient. Comparison
of the theoretical and the experimental force gradient provides the possibility of calibrating the absolute
tip-sample distancd S0163-18206)01224-9

[. INTRODUCTION atom in the direction of the tunnel current. In the experi-
ments of Lyo and Avouri$,even at room temperature Si
Atomic scale manipulation of the tunnel tip and the atoms or clusters could be removed and deposited on the
sample surface in scanning tunneling microsc¢pyM) is  STM tip or vice versa in the direction opposite to the direc-
gaining importance in view of its potential to produce sur-tion of current flow. Another example is the transfer of Au
face structures on the nanometer scale. Aside from the teclelusters from a gold tip towards the sample at voltages above
nological interest, the manipulation of the tip in a usually notsome threshold valufe.
very well defined way has interesting consequences for the The physics of the transfer of adsorbed atoms, due to the
STM imaging per se e.g., it leads to atomic resolution, applied external electric field, has been studied by Kreuzer,
changes the distance dependence of the tunnel current, aMdang, and Lan$ by Lang’ by Walkup, Newns, and
even produces image inversion, where protrusions turn intéwouris® by Gao, Persson, and Lundqvisand recently by
indentations and vice versa. It has often been suggested HBrandbyge and Hedégh'® and by Hirose and Tsukada.
experimentalists thaffield-induced mass transport and dif- The driving mechanism usually discussed involves field
fusion may occur in a STM operation, modifying both the evaporation combined with the effect of the chemical tip-
sample surface and the tunnel tip in an uncontrolled #ay. sample interaction forcés’ In these case@ransfer of Xe or
By means of manipulations with the tunnel tip and theSi atom$ strong external electric fields and the modification
bias voltalge, it proves possible to transfer single atoms oof the barrier for field-induced atom or ion desorption are
atom clusters from the sample towards the tip and to placenportant. Other mechanisms of atom transfer are atom tun-
them with precision on the scale of atomic dimensions bacleling and thermally activated transfer, as discussed by
on the sample surface® This is possible in the low tem- Gomer'? In the paper by Drig et al,'® empirical nearest-
perature STM 84 K when the surface atom diffusion does neighbor two-body potentials are constructed, which are then
not interfere and under ultrahigh vacuum conditions. In thesummed up to get the interaction energy between an Ir-tip
experiments of Eigler and co-worket8,a voltage pulse of cluster and a cluster of Al atoms describing th¢1Al) face.
positive or negative sign is applied relative to a(MNi0)  They achieve good agreement with the experiments, but this
sample, leading to the reversible transfer of an adsorbed Xapproach is not capable of revealing the underlying physics.
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Except for the fact that they find that an aluminum atom (1) The two plane electrodes consisting of dM0) and

transferred towards the Ir-tip cluster reproduces the experian Al(111) surface have different geometry and unit cells,

mental force gradients, we cannot find any other connectiowhich prevents the use of supercell methods, because of the

to our work. Our own studies showed that two-body potendattice mismatch. In addition, the introduction of the tip atom

tials are not capable of reproducing the many-particle potenwill break any kind of symmetry. Any kind of supercell cal-

tials over the whole physically relevant range of distari¢es. culation will introduce an array of tips with artificial tip-tip
We study the transfer of metal atom(which has a com- Intéractions.

pletely different electronic structure compared to the Xe or (2) In order to calculate the tunnel current, one has to treat
Si) in the absence of an external electric field. In this casetW° semi-infinite metal electrodes. '

the atom follows the gradient of the potential-energy surface. (3? The Io_cal-densny approximation doe_s not treat t_h_e Im-
Ciraci® has discussed this situation for the case of two23€ interaction correctly, which is essential for obtaining a
Al(100 electrodes with an Al atom in between. The resultsreahstlc barrier potential and which has an important influ-

(based on super cell calculations in the local-density approxiE"'c€ on thg Imagmtude of the tunnel current and the interac-
mation are in good qualitative agreement with ours, wherelion potgntla. o .
(4) First principle methods use basis sd&sg., plane

they are comparable. Our investigation extends these studies floating G . hich imized b
by (a) considering an atom between twidferentelectrodes WaVes, floating Gaussians, etawhich are optimized to ob-

(different chemical nature and different lattice structu(b) ta||r|1 ngmgfr_mally correc’; number:s, but Wh;]Ch e;]re r}ot _ﬁ:_)hysr
explicitly including the multiple image interactiong) per- €&y Significant expansions in the sense that they facllitate a

forming a detailed analysis of the tip-sample interaction en_quant!tative interpretation of the nature of the tip-sample in-
ergy, and(d) calculating the tunneling current in addition to teriztlofn. q | ohvsical bh b litativel
the interaction energies and forces. Energies and forces act- € fun a”?e”ta physical phenomena can be qua |tat|yey
ing on a single Al-tip atom between two flat electrodesunderstood without having the exact first-principle solution
W(110 and AK111) and the interelectrode forces are re- available, if the interactions and self-energies are modeled

ported. The internal electric field, due to difference in thecarefully, based on the available knowledge and physical in-

work functions of the two surfaces, is accounted for. ThetUit,ion' In the next section,. a brief description .Of the theo—
tical model and the applied method of solution is given.

results show that the Al atom is spontaneously transferre ; i d i h diff | i Th
from the Al surface towards the W surface at closer distance>€ction escries three different tunnel tips. The
otential-energy curves and the analysis of the chemisorption

The activation barrier for atom transfer collapses, due to th , ;
ond between the tip atoms and the tip base metal reveal the

chemical interactions in the system. different nature of the bonding of an Al-tip atom compared
The calculated force gradient for a rigid AIMALO) ti . ) Sr
g 9 ) tip to a W-tip atom on W110). In Secs. IV and V, a similar

above the A(111) sample surface resembles closely the ex o . . .
ALLY P y analysis is performed for the interaction energy of the tips

perimental results of brig and Ziger'® for an Ir tip on an Al _
film, indicating that material transport from the sample to theWVith the Al(111) surface. The total-energy surface of an Al

tip has occurred in these experiments.riguand Ziger® atom between 110 and Al111) reveals the collapse of
measured. in addition to the tunnel current simultaneousl)}he activation barrier for atom transfer towards the tungsten

the force gradient as a function of tip-sample separation. lﬁl(]jrfac; andl th? nonactwafted natf{e of thg trar11i|(t)|ol;1 of an
the case of transition metal samples, the interaction forc? sorbing aluminum atom from AI11) towards W110) be-

could be measured within the range of distances where thgwacertain interelectrode separation. This is a consequence

attractive component dominates as repulsion occurs at todf (€ stronger bonding of an Al atom to (40, which is

small distances. For an Al film the situation was, however €lated to the presence df electrons. The distance depen-

qualitatively different. The force gradient was found to be andence of the tunnel conductivity and the f_orce gradient be-
order of magnitude smaller than for transition metal sampledVeéen the Al111) sample and the AI210) tip produced in

and it turned to positive values at distances that corresponfllS Way, compare nicely to the experimentally measured

to typical tunneling conditions. Our aim is not so much to "€Nds and support the picture of an Al atom being trans-

reproduce the measured values for a special tip/sample Syé_rred towards the W tip in experiment. The results for the

tem, but to understand the trend in the described experimenfa/Al (111 tip, presented in Sec. VI suggest that a similar
ehavior is expected if a whole cluster of Al atoms get trans-

in physical terms. )
An appropriate interpretation of the experimental findings€™ed towards the tungsten tip.

poses the challenge to the theory of STM to evaluate within
the same model the electronic structure, the interaction
forces, and the tunnel current for a realistic tunnel junction,
including a tip that is truly three-dimensional and includes We consider the scanning tunneling microscope from the
d electrons. First principle methods are not yet in a shape tpoint of view of a single tip atom or a cluster of tip atoms
tackle this difficult task, but careful model studies can al-adsorbed on a semi-infinite tip electrode, interacting with a
ready yield valuable information and add to the understandsemi-infinite sample surface. In the present work, the tip is
ing of this important subject. treated as a metal atofwalled tip atom absorbed on a flat

For several reasons, first principle methods based on theetal surface. Figure 1 summarizes some essential charac-
local-density approximation cannot be used to solve thigeristics of the model Hamiltonian, which treats the local
complicated problem of two semi-infinite metal electrodesregion near the tip atom in a quite explicit way. The interac-
with the atomic structure being in contact with each other viaion between the tip atom and the metal surfaces involves
a tip atom. short-range and long-range effects. The short-range effects

Il. THE MODEL
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FIG. 1. lllustration of the interactions in the STM included in

the Hamiltonian.

are calculated within the region overlapped by the tip atom
wave functions and include electron-electron interactions

and a potential due to the tip-atom cokg;(c,d . The attrac-

tive S_creened core potgntlal as felt by the metal electrons is FIG. 2. Schematic representation of the STM Hamiltonian.
described as a generalized (ipert-Mayer-SklaGMS) po-

tential (Vgms). The screened tip core potential acting on

overlap charges is of the Yukawa-typé(,). These poten- H=Ho+ Vi sample 1)
tials are tip orbital dependent and they are parametrically

introduced in the model Hamiltonian. They have been exten-

sively studied beforé’*® The polarization of the more dis- = Hijp+ Hsampish Viip -sample 2
tant metal electrons leads to image effects, which can be

handled by coupling the local charge density to surface and

bulk plasmons. Multiple image effects arising from the po- =Hpasst Vatom -basd- Hatomt Hsampis™ Viip -sample (3
larization of one electrode by the induced charge density in

the other electrode have to be included as well. Other inter|-_| describes the noninteracting tio plus sample surface. The
actions accounted for explicitly in the model Hamiltonian ;. © 9tpp P '

concern the metal surface dipole layer and the core-core rdiP 1S described by a tungsten atom or an Al atom adsorbed
pulsion. on a flat W surfaceH ,;,,, Stands for the isolated tip-atom and

Hpase for the flat W surfaceH g mpe represents the sample
surface without the tip present aM, sampieiS the interac-
tion between the tip and the sample.

It is reasonable to partition the Hamiltonian according to  The explicit form of the model Hamiltoniaformulated
the different geometrical regions as illustrated in Fig. 2:  in the notation of second quantizatjois the following:

H, —
tip !

A. The Hamiltonian

Hatom: ;s <AS| - %VZ"' VtipcortJAS>nAs+ B tZA s <AS B'1Vel -eI|ASBthsnBt ’ (4)

Hbase+ Hsample: kEs <kS| - %V2+Vmetcoréks>nks+ kEIs [<kS|VGMS| |S>alsals+ H-C-]

+ 2 <kS|t|VeI -el|msnbalsartamsantv (5)

I,t=k,s;n,t=m,s
Vatom -basg" Vtip —sample:A s [<AS| - %V2+VYuk+ Vmetcorelks>a£saks+ H-C-] + A B% ot [(ASBIIVEI —eI|ASkt>nAsaJEr’,s+ H-C-]

. S'%‘;kt [(AskiVq ol Asltynaalay + Helt B% N [(ASB{V lkslt)ahadaxsa;+H.c]

T 4f
+ Aks ;n =11 [<AS It|Vel -el| ks mt)aAsaltaksamt"' H-C-] + Vcore-coré" H plasmorr (6)
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Vel el IS the Coulomb repulsion between electrofigeicorelS ~ bitals are accounted for. They are described by a basis set of
the attractive potential of the tip base and sample ion coresb initio wave functions found in the literatufé An accu-
Veore -corelS the core-core repulsion pasmonis the operator  rate treatment of wave function tails in the barrier is essential
describing the interaction with the surface plasmons, whicHor any theory of tunneling. The basis wave functions chosen
yields the long-range component of the interactions in théhere have the correct asymptotic behavior in the barrier and
combined systen® A,B refer to the tip-atom basis orbitals, artifacts, which might occur with calculations based on
k, I, m, n label the unperturbed metal basis stags, as- Gaussian or plane-wave basis sets, are absent.

sume the value$ and | and refer to the componentper- The description of the metal surfaces requires input val-
pendicular to the surfagef the electron spina;s, aJTt , and ues, which are taken from experiment and band-structure cal-
Nis= aiTsaiS denote the electron destruction, Creation, and.:ulations a\/.ailable in the Iiteratu.re: the work fUnCtiOf?, the
number operators, respectively. inner potential depth, the energetic position, and the width of

Equations(4)—(6) contain a full set of one- and two- the sp-d hybridization gap, the lattice constants, and the en-
electron integrals. This allows us to account for all importantergetic position of thel band>°-2*Of some relevance for the
physical interactions like electron-core attraction, electroniunnel current is thesp-d hybridization gap for W110),
electron repulsion, and core-core repulsion. The interactioMhich was extracted from relativistic band-structure
of an atom with a single metal surface is just the chemisorpcalculations’* It extends from the Fermi level down to
tion problem that is routinely handled by this method. The—2.22 eV belowEg. This means that for a small applied
metal surfaces are semi-infinite and have atomic structure. bias with a W-tip base, electrons will tunnel only into the W

d band and not into the W< band.

B. Parametrization . .
C. Method of solution: Calculation of total energy and forces

The model HamiltoniariMH) is set up and parametrized
to satisfy the following general criteria.

(i) The “model space,” in which the MH is defined, is a
subset of the total Hilbert space. It should be accessible t
physical intuition, i.e., it should be adapted to the chemical
constituents from which the system is built.

(ii) The MH should yield sufficiently accurately the low-

The Hamiltonian is solved in a self-consistent spin-
unrestricted screened Hartree-Fock approximation, in order
fo evaluate the electronic structure, the interaction forces,

nd the tunnel current. This is an approximation to dynamic
artree-Fock, which would yield the exact solution of the
problem. The dynamic Hartree-Fock procedure is formally
lying part of the exact energy spectrum. similar to the standard unrestricted Hartree-Fock formalism

(iii ) The model space should be complete enough to avoiﬁ/ith the important difference that the effective potential seen
intruder states y the electrons becomes energy dependent, because the

(iv) The interaction terms, though simplified, should pe Coulomb repulsion of the electrons is described by a 'nonlo-
mutually and physically consistent to avoid artifacts like cal, energy-dependent sehf—engr@ﬂr,r E) The equation .
ghost states, electron nonconservation, etc. replacing the Fock equation in dynamic Hartree-Fock is

V) Transferrability of potentials and parameters should b ometimes_ called the Dyson equation and the eigens_tates
guér;nteed yorp P yson orbitald cf. Eq.(8) below]. Another common name is

According to the above criteria, the electronic structure oilhe quasiparticle equation and quasiparticle states. Different

the separated systeftip base, sample surface, and the iso-Names for the dynamic Hartree—Fock theory are Green-

lated tip atom is not recalculated, but is taken froab initio function theory or many-body field theory.

calculations and reliable experimental information is used tQ. In the dyfﬁam'? I-_|artree-Fock procedure, the Fock equa-

compensate for errors like neglected correlation effects. tions have, in prmmple, to be solved for any value of the
The one- and two-electron integrals in E¢é)—(6) are energy parameteE in the self-energy and for any such

reexpressed in terms of overlap integrals and a handful ofalue, one O.bta”.‘s a set of “orbital energleE;(E). The
Coulomb repulsion integrals, exchange integrals, and cor orrect quasiparticle energies are those that satisfy the con-
energies on the tip atoM. The latter are determined by soly- 9ition

ing a system of equations, so that the experimentally deter-

mined ionization and affinity energies are reproduced. This is En(E)=E. (7)
described in Ref. 35. The overlap integrals are evaluated nu-

merically from the basis wave functions, which are describecill one-particle properties can be obtained from the quasi-
below. The model includes thep-conduction bandd elec-  particle energied,,(E) and the corresponding one-particle
trons, metal core states, and metal plasmons. For i ~ wave functionsy,(r;E). The Fock equation in the dynamic
the full set of 5, 5p, 5d, 6s, and & states is included. The Hartree-Fock procedure reads

5s, 5p, and H electrons are explicitly introduced by means

of localized wave functions, which have been calculated by 3 ,

including relativistic effecs and are centered at the lattice H1¢n(r?E)+f a2 (r,r";E) ¢hn(r;E) = En(E) (13 E).

sites. The valencep electrons are described in an effective (8)
one-electron model. The wave functions are taken as eigen-

functions of the Sommerfeld model and have been orthogoH, contains the kinetic energy and the potential energy due
nalized to the core states of the metal atoms. On the W-tipo the ion cores. Electron-electron repulsion and screening
atom, the %-6s-, and @-wave functions are taken into are accounted for by the self-ene®yr,r’;E). The electron
account?3® On the Al-tip atom, the 8 and 3 valence or- density is expressed as
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. The trace of thd® matrix is not equal to an integral number
P(r):EZE T (1 En) én(15Ep). (9 of electrons. To achieve this, the density operator has to be
nF evaluated in a mixed representation;
The sum is over those polds,=E,(E=E,) of the Green N . ~
function G(r,r’;E), with residuesy,, which lie below the (a|P[a)=(a|PS 'a)=(a|SPa). (14)
Fermi_level. The poles are the exact ionization levelsthe yrace ofSPequalsN, the total number of electrons. One
(En<Eg) and affinity levels E,>Eg) of the N-electron can, therefore, extract the quasiclassical char@@)f‘ag

system. The residues are the amplitudes of the lines in thﬁ'om the diagonal elements of the one-electron density op-

single-particle excitation spectrum. The total energy is Obérator5.~This leaves a rest, which together with the off-

tained by . . . ;
diagonalP-matrix elements have the meaning of interference
1 one-electron density:
Eo=% Ep+Hi(n,n)]. 10 ~ ~
0 ZEHZEF 77[’1[ n l( )] ( ) P _ (S P)dlag+ Pmtf_ (15)
The forces are then calculated by directly evaluating the gralhe quasiclassical density satisfies the electron conservation
dient of the total-energy surface. rule. An analogous partitioning exists for the two-electron

LDA does not appear as a mathematically well-defineddensity operator and the total energy can be expressed using
approximation to the quasiparticle equation. Hartree-Fock i¢hese density matricé§.Using the respective parts of the
very bad for solids, e.g., the density of states of a metal i§lensity operator, the components of the interaction energy
zero at the Fermi level. The reason is that the self-energpetween tip and sample surface can be defined as follows:
contains the unscreenedi.e., infinitely long ranged
electron-electron repulsion. Therefore, we use the spin-
unrestrictedscreenedHartree-Fock theory, which yields ap-
proximations to the exact quasiparticle energies and wave
functions and avoids the above-mentioned deficiencies of the o qe o« it cintf intf
Hartree-Fock method. In this approximation, the residues Eel=Eel(LR)+EG(SR), E™=E"(LR)+E™(SR).

7, are either unity or zero. Correlation effects are accounted 17)
for by screening the Coulomb interaction via the polarization R stands for “long range,” meaning image contribution

of the environment. In order to solve the problem on a comand SR stands for “short range,” meaning local contribu-
puter, the discretization technique for te@ bands of the tjons.

metal surfaces, described in Ref. 25, is applied.

Etot_ Eg|c+ Eintf’ (16)

el —

Eto= E&+ Voore core E™, e = Eq{LR) +Eg(SR),

E. The tunnel current

D. Analysis of the tip-sample interaction Although results for the tunnel current are presented, this

The analysis is in close analogy to the procedure proposeid not a major issue of this paper. Therefore, we present only
by Ruedenberg for the analysis of the gas phase chemic#te final formula and postpone the derivation to a later
bond, which is the accepted way of interpreting chemicabpublicatiorf® stressing, however, that the tunnel current is
forces?® This interpretation is based on an expansion of thecalculated exactly within the spin-unrestricted screened
wave functions of the interacting system in terms of theHartree-Fock approximation. The tunnel current is given
eigenfunctions of the separated, noninteracting system. Iby?’
this way, it is possible to get an idea of how the chemical 3
compound is formed from its constituent parts. =~ .

Trrl)e starting point for a physical interprpetation of the tip- ﬁ:;i [(HVip sampidi +)°S(E — E). (18
sample interaction is the population analysis. Populations are
defined by projecting the quasiparticle one-electron wavéf| indicates a one-electron wave function of the sample elec-
functions|,) on either the input basig) or the dual(re-  trode unperturbed by the tiffor bias positive voltage, when

ciproca) basis|a). We define the one-electron density op- the tunneling is from the tip into the samplét should be
erator: considered as the state in which the electron is prepared

when a measurement of the current is perfornjed) is a
quasiparticle function of the total Hamiltonian, including the
P:EZE | )bl (1D interactionVy, sampebetween the tip and the sample surface.
n-oF + and — signs indicate incoming and outgoing scattering
Forming the scalar product of the dual basis functiondooundary conditions, respectivelf; and E; are the one-

(ja)=3,S,4|b) yields electron energies of the states involved. The exact form of
. Viip sampleiS described in Ref. 28. The potential induced by
(bla)=(Spa) L (12)  the tip atom is described by a set of basis orbitds)},

which are localized in the region around the tip. This local-
where S is the overlap matrix of the input basis functions. ized basis set consists of atomic orbitals describing the tip
Hence, the net population can be written in the form atom plus a set of tip projected metal states constructed from
_ the continuum states. Decay operators describing the decay
(alplay=(a|S 'PS t|a)=(a|Pla). (13)  of discretized states into the continuum are introduced as
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W(110) ( ) FIG. 4. Sites for self-adsorption and for Al atom adsorption on

Al(111
FIG. 3. A scrgematl)cal one-dimensional drawing of the potentialw(llo)'

Egt\;vti?:_ the tip and the AI11) surface in the neighborhood of the A. WIW (110
The first tip studied consistd @ W atom adsorbed on a
N 1 liYi| W(110 surface. The possible adsorption sites are displayed
D™(E)=— —Z = (199  in Fig. 4. The adsorption site of lowest energy was found to
T i be in the long bridge. Figure 5 shows the potential-energy
curve fa a W atom above the bridge position on(1Z0)
Dn(E)= — EE 1) (f| 20 versus the perpendicular distance. The adsorption energy at
- o9 E-E{’ the equilibrium position equals 5.3 eV. The diffusion barrier
via the tip position is found to be 0.8 eV. These findings
with matrix elements in the dual representation: agree nicely with experimental data obtained with field-
emission microscop$’ The electronic structure of the ad-
o 1 B (NiNl&) sorbed W atom representing the apex of the tip has a decisive
DIN(E)=—=2 S,1> ?SK,}, (21)  influence on the tunnel current. An important quantity in this
T hx ' ‘ respect is the modification of the local density of states, due

where {|u)} denotes the localized basis described above® the presence of the tip atom, or, more precisely, the spec-

{|i)} are the asymptotic continuum states describing the inl@ resolqunfo:]thg W'“p'_f‘tom Ortzi';?{iA)} in the eigen-
coming electron{|f)} are the asymptotic continuum states states{| ¢)} of the tip HamiltonianH":

describing the outgoing electrons in the sample. The tunnel-

ing current has the form °

hJ

E ~ ~
ﬁszlsz Tr(u| T~ (E)|v){(»|IMmD(E)|\) (22

W/W(110)
-2

(NTH(E)|)(x|ImMD™(E)|z). (23

states|v) and Tr denotes summation over the states.

(u|T*(E)|v) is a matrix element of the transition operator.

=~
>
>
N’

A notation is used wherfy)(v| implies summation over all 2
B
g 4
[ ]

AV/W(110)

[lI. DESCRIPTION OF THREE INVESTIGATED TIPS ~

A first step in the theoretical investigation is to study the " ‘ ‘
electronic properties of isolated tips. The chemisorption 2 25 3
theory described in the previous section has been applied to distance (A)
study metal tips consisting of a single atgw, Al) adsorbed
on a metal surface. An ideal STM tip will be one atom ad- |G, 5. potential-energy curves for W and Al on(0) versus
sorbed on a group of other metal atoms, which is embeddegerpendicular distance. The distance is with respect to the first layer
in an infinitely extended metal electrode. For a first theoretivf metal atoms. The equilibrium distance of the W-tip atom with
cal attempt, we will model this as a single atom adsorbed Ofespect to the 110 surface is 2.09 A in the long bridge site. The
a flat WM(110) or Al(111) surface(cf. Fig. 3. Results for a equilibrium distance of the Al-tip atom, with respect to thé¢MO)
cluster tip will be presented elsewhere. surface is 2.38 A in the long bridge position.
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TABLE |. Energy componentsin eV) of the interaction of a
W-tip atom with the W110 base at the equilibrium distance of

2.09A .
051 5‘{5
Local Image Total
—_ Fermi
204 e Frozen local charge 5473 —34.63 20.10
5 Quasiclassical change 1742 -3.74 13.68
$o3 Interference energy —31.86 ~7.26  —39.06
%’ Sum 40.29 —45.57 —-5.28
C
£ 02f 6s

which is not due to mixing of wave functions. The second
014 row of Table | lists the differences between the quasiclassical
energies Vegre -cors Eq(SR and EJ(LR) and the corre-
sponding contributions from the frozen local charge. In gas
0 150 150 120 -0 80 B0 40 30 oo 20 phase chemistry, the quasiclassical contribution to the inter-
energy relative to vacuum level (gV) action energy is usually interpreted as a preparatiqno-
motion”) for optimal interference, i.e., for a mixing of wave

FIG. 6. Spectral resolution of the Wy and 6 tip orbitals  functions that leads to a maximum gain in energy. This in-
(majority spin for an isolated W tip at the equilibrium adsorption terpretation is also applicable for the present case, where the
distance of the W atom. adsorptive interaction is stable due to the interference contri-

butionE™(SR) andE™(LR) listed in the third row of Table
I. Itis, however, important to note that the local complex on
pa(E)=2 KAly)PS(E-E). (24 its own would not be stable just because of the energy low-
' ering due to interference in the local region. The image in-
teraction, i.e., the polarization of the remaining part of the tip

An isolated W atom has four electrons in the $hell and  base metal, is essential for preparing the ground for a local
two electrons in the § orbitals, all deeper shells being com- chemical bond. Somewhat contrary to the intuitive feeling,
pletely filled. In Fig. 6, we show the spectral resolution of the image interaction leads to energy lowering, not only in
the 5d,2- and 6s-tip orbitals (majority spin. The tunnel cur-  the case when the net charge on the adparticle is nonzero. In
rent will depend on the weight of these spectral functions atact, in the present case, we have essentially a neutral W-tip
the Fermi level. Due to the bonding-antibonding character ohtom that is bonded to the adjacent atoms in a covalent way.
the spectral functions, the weight near the Fermi level will
vary with the distance of the tip atom from the base and with

e . : B. Al/W (110
any modification of the surrounding electron density.

An understanding of the interaction forces between tip Figure 5 contains also the potential-energy curve for an
and sample requires also an insight into the bonding mechahl atom on W110 in the long bridge position. Here, no
nism of the tip atom on its base metal. We perform the analyexperimental or theoretical data are available for comparison.
sis described in Sec. Il D. The analysis partitions the energAn Al atom behaves chemically quite differently from a W
components into quasiclassical and interference contribuatom. Al has an ionization energy of 5.986 eV, which is not
tions. In Table I, these energy components of the bindingnuch larger than that of a Li atoi(.39 eV; ionization en-
energy of W on W110) are further subdivided into contri- ergy of W: 7.98 eV. The work function of W110) is 5.219
butions arising from the image interaction and the local in-eV. This implies that already at 4.7 A from the image plane
teraction. (=6 A from the geometrical surfagethe image shift would

The components listed in the row “frozen local charge” be large enough to ionize the Alp3 orbital. Taking into
correspond to the situation where the charge on the tip atoraccount the broadening of the3level due to the interaction
and in the adjacent environment in the mettlis is the with the continuum, we understand that already at distances
“local region”) has been frozen as it is on the noninteractingwhere overlap effects are small, thp,3rbital becomes par-
tip atom plus tip base system. The column “image” containstially depleted of electron charge, and this gives rise to a
the energy contribution, due to the polarization of the metaktlassical image force. Therefore, at separations much larger
electrons outside the local region in response to the potentighan the equilibrium adsorption distance, where for W on
induced by the tip atom. The gain in image energy ofW(110) no gain in energy is obtained, there is already a
—34.63 eV for the frozen charge configuration is mainly duelowering of the energy for Al on \10), and the potential
to reduction of electron-electron repulsion in the local regionenergy of this system lowers in a rather soft way. This be-
arising, because each electron experiences an attraction bgvior differs from the way the potentialfa W atom varies
the images of the other electrons. The sum of the contribuin front of the W(110) surface, because the image shift is not
tions for the frozen local charge situation is still considerablylarge enough in this case and the W atom will not be par-
repulsive. tially ionized. The image energy of the positively polarized

The quasiclassical charge redistribution may be visualize@luminum atom is the dominating contribution to the energy
as a fractional occupation of the eigenstates of the separatéalwering in the long-range part of the attractive A¥LO0)
system. It contains that part of the charge rearrangemenpotential.
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TABLE Il. Energy componentsin eV) of the interaction of an

Al-tip atom with the W110 base at the equilibrium distance of 0
2.38A.
1} AVAI(111)
Local Image Total
Frozen local charge 16.94 -9.61 7.33 s 2
Quasiclassical change —10.70 1.42 —-9.28 Ch '
Interference energy —-0.95 -2.28 -3.23 g -3 AI/W(110)
Sum 5.29 —10.47 —5.18 S
4L
Near the equilibrium distance, however, chemical forces S
of stronger character dominate, although we know that the
image interaction in its general sense will have a significant 6 - : -
influence on the nature of the chemisorption bond. The par- 20 25 3.0
titioning of the binding energy of AI/M10 at the equilib- distance (A)
rium distance is displayed in Table Il. The frozen asymptotic
charges on Al and the Y¥10 surface repel each other simi- FIG. 8. Potential-energy curve for Al on @11) vs distance

lar to the W/W110 system. The quasiclassical charge redis-measured with respect to the first layer of aluminum atoms.
tribution in AI/W(110, however, leads to energy lowering

contrary to the W/WL110) system. This gain in quasiclassical image reduction of the electron-electron repulsion is an in-
energy has little to do with the positive polarization of the dispendsable condition to activate this mechanism. Because
adsorbing Al atom. It is rather connected with the capabilitythe system tries to gain energy in a quasiclassical way, the
of the electrons on the tip atom to screen its positive chargeyain in interference energy is rather small. The gain in qua-
If the screening in the local region is not efficient, the systenxiclassical energy is not typical of a normal gas phase cova-
can gain more energy by pushing the electrons on the tient chemical bond. In fact, it appears that this type of bond-
atom somewhat aside and letting the metal electrons profikg is special for adsorption at metal surfaces and it should
from the attraction by the tip ion. This formulation has, of not be misinterpreted as an ionic bond. This kind of bonding
course, to be understood in the Ruedenberg sense and daggs also been observed for nonmetallic adsorbates like hy-
not mean violation of the fundamental principle that elec-drogen atoms, for exampté.

trons are indistinguishable. The energy profit by the metal The spectral distributions for this tifcf. Eq. (24)] are
electrons can already be achieved to a large part via fragiisplayed in Fig. 7 and show considerably less spectral
tional reoccupation of the eigenfunctions of the separategieight at the Fermi level than the tungsten tip. This suggests
partners and hence it appears as a large gain in the quasiclafat the AI/M(110) tip might result in higher tunnel resis-
sical energy. We realize that this quasiclassical reorganizaance. Compared to Fig. 6, we see that the smaller spectral

tion of charge is connected with a loss in the image energyweight of the tip orbitals at the Fermi energy can be traced
which means that the image interaction is not the main drivhack to the lack ofl states on the Al atom.
ing force for bond formation at this separation, although the

C. AI/AI (111

' For a pure Al tip, the potential-energy curve is displayed
0.91 in Fig. 8. Here, a comparison with first-principle calculations
081 in the local-density approximation is possible and provided

35 in Table IIl. The equilibrium distance is smaller in the cal-
0.74 culations by Stumpf and Feibelmari! because they al-
06 lowed all surface atoms to relax, whereas they have been
’ EF . fixed at their bulk equilibrium positions in our theory.
€rmi

The character of the AlI/AL11) bonding is quite similar
to that of AI/W(110), but as we observe from the data in

intensity (arb. units)
(=]
il

041
0.31 TABLE lIl. Bond distance and adsorption energy for Al self-
0.1 adsorption on Al111).
3, ... .
0.14 Equilibrium Adsorption
e /__\ distance energy
-180 -160 -140 -120 -100 -80 60 40 20 00 20
energy rel. vacuum level (V) A) (ev) Ref.
Al(11) 21 2.7 31
FIG. 7. Spectral resolution of the Al and 3 tip orbitals for ~ Al(111) 2.1 3.2 30
an isolated AI/W110 tip at the equilibrium position of the Al Al(111) 2.3 3.1 this work

atom.
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TABLE IV. Differences of energy componen® eV) between 12
Al/W (110 and Al/Al(111) at their respective equilibrium distances.

Local Image Total "

3s
Frozen local charge —-1.74 1.38 —0.36 08
Quasiclassical change -3.71 —-0.51 —4.22 ’ EFermi
Interference energy 1.95 0.58 2.53
Sum —3.50 1.45 —2.05

intensity (arb. units)
o o
& [=>3

Tables Il and Ill, it is more than 2 eV weaker on(ALl).
This is important, if we want to consider material transport
from an aluminum surface to a tungsten tip. To understand
the origin of this energy difference we present in Table IV
the difference in energy component for Al(f10 and Al/
Al(111). The equilibrium distance of the Al atom is further
away on the W110 surface. Therefore, the electrostatic re-
23:332_ f%i‘sf‘?sfrr?gjﬂy'occoar'nggﬁ;%fegogggt‘;{:tfnq ;ﬁe'f‘?; ;S o FIG. 8. Speciral resoluon of the A and 3 tp orials i
polarization, due to the larger distance, so that the local fro: e energy band of ALLL) at the equilibrium adsorption distance of
zen charge configurations differ only slightly for the two the Al atom.

tips. The largest variation between Al{AlLl) and Al/ S o o

W(110 appears in the local quasiclassical energy gain!em- Multiple image gﬁects arising from the polanzatlon of
which is roughly 3.71 eV more attractive for Al on(a10. ©One eIectr'ode by the induced charge d_ensﬂy in the other elgc-
The reason for this is that the 10 surface has large oc- trode are mcluded. The gffect of the dlstort_lon by the electric
cupied and empty density of states around the Fermi level, f|eld_ resulting from the o_Ilfferent v_vor_k functions on the elgc-
which means that the electrons are rather polarizable. In fronic structure of the tip atom is included. A schematical
addition, thed orbitals have a geometrically favorable shape®ne-dimensional drawing of the one-electron potential in the
to yield a large overlap in the region of the Al core. The fégion of the tunnel tip is shown in Fig. 3. _
additional quasiclassical gain for Al/{/10) is partially com- Figure 10 shows the calculated tip-sample interaction en-
pensated by a less attractive interference. A closer inspectidff9Y and the interaction force gradient as a function of tip--
reveals that for the \WL10) surface interference is more at- sample separation. 'I_'he aster]sk markers |nd_|cate the experi-
tractive in the metal and more repulsive in the region be_mgq%al results of Dig and Ziger for an Ir tip on an Al
tween the tip atom and the metal surface. Interference imf€il- > The tip-sample distance is not known in experiment,
plies orthogonalization of the one-electron wave functionsSC the experimental data have been adjusted in such a way
which is necessary to obey the Pauli exclusion principle. ithat the points of zero force gradient coincide. _

the interference cannot be exploited to gain energy, it will | "€ experimental force gradient is one order of magnitude
usually become repulsive in regions of large overlap, peSmaller than the calculated one. Figure 11 compares the dis-
cause it just serves for orthogonalization. The other differ-
ences are rather minor. We summarize the comparative en-
ergy analysis of the Al-terminated tips by remarking ttit

the potential-energy curves are soft on both surfa@sn- 521
ergy is gained by a quasiclassical charge redistribution in the
metal in order to profit from the attraction by the tip co(®),

3pZ

o
Ll

-160 -140 120 100 80 60 40 20 00 20 40
energy rel. vacuum level (eV)

pot. energy

the attraction is larger on WW10), because of the presence of -5.61 o %
d states. S o E
The spectral distribution of thes3ip orbital for this tip is > 5 =
displayed in Fig. 9. It shows even less structure than for g 61 i force gradient §
Al/W (110). oo o o2
In this paper, we do not present results for the elastic ' * 8
relaxation of the metal atoms in the close vicinity of the tip 641 =
atom. They are fixed at the equilibrium lattice sites typical sl L 10

for the ideal crystal.

T T T T T T -15
20 3.0 4.0 5.0 6.0 70 8.0 9.0

IV. THE W (110/W TIP IN INTERACTION tip - sample separation [A]
WITH AN Al (111) SAMPLE SURFACE
FIG. 10. Interaction energy and force gradient of a tungsten tip
The case of an atom in interaction with two plane elec-with an Al(111) surface. The tip is positioned above an Al atom.
trodes is handled in a similar fashion as described above. Thehe experimental data for the force gradient of an Ir tip on an Al
wave functions for the W surface together with its adsorbedoil (x) have been taken from the work of By and Ziger (Ref.
tip atom are just those of the one-atom chemisorption probié).



16 604 E. KOETTER, D. DRAKOVA, AND G. DOYEN 53

.
) 4.0

h

N
27 20 8
€ o g

\)
S L A
N — | A\
c 0.0 i
2 2 A
b i Wit
2 Tt
g’ ) 2 201 i
3 5 it
g N l\mllm‘l.lm,““.“ B
o
g
C - —
g ¥ * 40
O
8
g
N * 6.0
-G
-10 N
1t 2 3 4 5 6 7 8 9 10

tip - sample distance (A)

FIG. 11. Conductivity(log,o) of the W(110/W-Al(111) system %QJ
vs tip-sample distancén A). The experimental data of hig and
Zuger from Ref. 16 using an Ir tip on an Al foil are displayed for
comparison with asterisks.
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distance W(110) - Al (A)

tance dependence of the calculated and the measured tunn
conductivity. With the above adjustment of the tip relative to
the sample surface, the experimental values of the tunne
conductivity are three to four orders of magnitude smaller
than the theoretical ones. In addition, the data points from
the experiment would, with the above adjustment, corre- distance W(110)-Al (A)
spond to unphysically short distances. Obviously the tung-

sten model tip cannot describe the experiments bsidoand 1.9 3.8 5.7
Ziger?® 1.6 l :

(a)

V. THE W (110/AL TIP IN INTERACTION
WITH AN AL (111) SAMPLE SURFACE

The hint to the origin of the above-mentioned discrepancy
between theory and experiment comes already from the ex:
perimental side. It has been suggested several times that dui
ing the process of tip preparation, material transport from the
Al sample to the tip might occur.

3.0

distance Al-Al(111) (A)

A. Potential-energy surface: The transfer of an adsorbed Al
atom from Al (111 towards W(110)

We investigated this point by calculating the potential- 4 44{
energy surface for the perpendicular motion of an Al atom :
between a W110 electrode and an AlL11) electrode for (b)

zero applied bias. Figures & and 12b) give two different

graphical representations. In the gray scale representation of i 12 (a) Potential-energy surface for (@/10-Al-Al (11).

the potential-energy surfa¢€ig. 12b)], dark regions corre- () Gray scale representation of the potential-energy surface for
spond to low(attractivg energy and bright regions to higher w110-Al-Al (112).

(more repulsivg energies. At the right-hand side of the fig-

ure, we have the situation of an Al atom adsorbed ol A1) , .

facing the W electrode at large distances. The two whité’a”'Shes and the potentlal energy of the Al atom decreases
cutting lines indicate the directions along which the potentiaionotonously on its way from the Al electrode to the W
varies, if the Al-tip atom is moved perpendicular to the elec-€lectrode. This means that for close approach of the W elec-
trodes for fixed electrode separation. For large electrodetrode to the Al sample, an Al atom adsorbed on thelA)
separationgwhite line further to the right there is an acti- surface experiences a force that pulls it towards the W elec-
vation barrier for the movement of the Al atom between thetrode. The physical reason for the vanishing of the activation
two minima corresponding to equilibrium adsorption on thebarrier at close electrode separation is rather obvious from
two electrodes. For shorter electrode separatioluser than the above analysis of the adsorption energy of an Al-tip atom
6 A , white line further to the left the activation barrier on the two electrodes. The softness of the adsorption curves
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FIG. 13. Potential-energy curve and force gradiésteplike FIG. 14. Theoretical conductivitflog,o) versus distance curves
curve for a W(L10/Al tip above an A{111) surface. The experi- for three different tips in comparison with experimental data for
mental data of Drig and Ziger (Ref. 16 for the force gradient of Irf/Ag (black rectangles—from Ref. 33and Ir/Al (asterisk—from
an Ir tip on an Al foil are indicated with asterisks. Ref. 16.

. . . . in the base metal band, the AlfALY) tip yields smaller
and the quasiclassical character of the chemisorption bongonductivﬁy values than the tip vﬁta \)N I:toyr:1 atstr?e apex

lead to the continuous decrease of the energy between thg,y (110 yields even smaller current, because of tunneling
two electrodes. in the tungsterd band only. With the AlI/W110 tip, a sat-
isfactory agreement between theory and experiment is
B. Tunnel current and force gradient achieved for both the force gradient and the tunnel current
(cf. Figs. 13 and 14 The theory is even capable of repro-

_ Figure 13 shows the interaction energy and the force graqycing the somewhat unexpected repulsive force gradient for
dient for an AIM(110) tip above an Al11D) surface. The Al nnel currents corresponding to normal STM imaging con-

atom ha_s been kept fixed at its adsorption equilib.rium. disyitions (cf. Fig. 13. For STM experiments on transition-
tance, with respect to the W10 surface. The asterisks in- eta| surfaces, a repulsive force gradient has never been

dicate the force gradient values for an Ir tip above an Al foil ,easured up to very short distances where stable operation

JH U, ’
as measured by Dig and Ziger:™ In these experiments, the ot the STM becomes impossible. The theory explains these

point of contact was not reached, which would have been findings by material transport from an Al surface to the

convenient method for calibrating distances in experimentansition-metal tip and the special properties of the tip ob-
against the theoretical ones. We, therefore, identify the zergyined in this way.

of the force gradient in the experimental curve with the first
theoretical zero at largest distance.

In the mentioned experiments, the force gradient between
tip and sample was measured simultaneously with the tunnel We now describe the physics behind these special prop-
current for small applied bia®.1-0.3 V). In the theory and erties of the AI/W110) tip by comparing it with a tungsten
in the experiment, the measured force gradient is slightitip. We make use of the formalism developed to analyze, in
attractive at further distances and turns repulsive several ang- quantitative way, the nature of the tip-sample interaction.
stroms before the plateau in the conductivity is reachedThis analysis is performed within the same procedure as it
Only at smaller distance@vhere the measurements becamewas used for the analysis of the adsorption bond of the tip
unstable does the force become strongly repulsive. The exatoms on the base metal surfaces.
act tunnel conductivity is calculated within the scattering In Table V, we compare the contributions to the tip-
theoretical approach, which has been outlined in Sec. Il E. Isample interaction energy of the W(10 and the Al/

Fig. 14, the theoretical conductivity-versus-distance curve$V(110) tips with the A(111) surface with the Ruedenberg

in the limit of zero bias are plotted for the three investigatedanalysis of the chemical bond in Hand the HeH ion.

tips and compared with experimental data for an Ir tip aboveé'Frozen local charge” refers now to the superposition of the
an Ag foil (black rectangula)® and an Al foil (asterisks'®  charge distributions of the tip base with its adsorbed metal
In the experimental data for the Ag foil, the scale for theatom and that of the sample surface when they do not perturb
tip-sample separation has been shifted, so that the steps @&ach other. Qualitatively, we have the same characteristics as
the conductivity-versus-distance curves agree in theory andiscussed above for the adsorptidnaoW and an Al atom,
experiment(The physics of this step will be discussed else-i.e., the tungsten tip makes a gas-phase-like interference
where) For the Al foil, the adjustment is based on the zerobond with the Al sample, whereas the AI(?0) tip gains

of the force gradient as outlined above. As it was remarkednergy quasiclassically. An important difference is, however,
in connection with the spectral resolution of the tip orbitalsthat for the AI/W110) tip, the energy due to interference

C. The special properties of the AI/W110) tip
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TABLE V. Analysis of tip-sample interaction in comparison to the &hd HeH" molecule(energies in

ev).
W/W(110-tip Al/W (110)-tip
on Al(111) on Al(111)

481 A H, HeH™* 3.23A
Frozen local charge 0.08 -0.3 0.2 0.86
Quasiclassical change 1.18 2.3 5.3 —-2.19
Interference —-1.49 -6.0 —-7.4 1.67
Sum —-0.23 —-4.0 -19 0.34

with the sample wave functions is now repulsive. Togethesmaller separations. Therefore, the curvature is larger in

with the partially charged character of the Al-tip atom, this ismagnitude, but only at much smaller separati¢cls Fig.

the key point for understanding the behavior of this tip. From10). We suggest this as the explanation for the experimental

Table VI, we learn that the repulsive interference arises fronfinding that when a transition-metal tip approaches a

the local interaction and a closer inspection shows indeettansition-metal samplghe atom at the apex of the tip has to

that it occurs in the region between the tip and the samplebe a transition-metal atonthe force gradient is much larger
The zero of the force gradient at typical tunneling dis-and always negative and the regime of positive force gradi-

tances means just that the curvature of the potential-energgnt is never reached.

curve has changed its sign here. For large distances, the in-

teraction between the AI/N¥10) tip and the A{111) sample

is dominated by the multiple image effects, due to the charge

on the Al-tip atom. This part of the potential-energy curve

has a negative curvaturef. Fig. 13. The multiple image From the way the tip is prepared in the STM experiments
force saturates at approximately 8-A separation of the tip angd.e., pushing the tip into the sample surface and applying a
the sample, because it merges into a general exchanggoltage pulsg it is not clear that one would necessarily end
correlation potential. From that distance on, additional enup with a single Al atom p a W base. It might appear indeed
ergy is gained by the quasiclassical dominated tip-metal inmore likely that a cluster of several Al atoms is transferred to
teraction discussed above for the example of Al adsorptiofthe tip. This situation is perhaps theoretically better simu-
on W(110. Because of the repulsive interference energyjated by a pure Al tip. For this purpose, the interaction of a
from this distance on, the energy decreases more slowlip consisting of a single Al atom adsorbed on ar(1Al)
upon decreasing the tip-sample separation, compared to tRgrface with an Al111) sample surface was investigated as
distance range where the interaction was dominated by thge]l.
image interaction. This implies, of course, a change in the This STM model has also been investigated by Ciraci,
curvature of the potential-energy curve and therefore th@aratoff, and Batr¥ in a supercell arrangement based on the
force gradient changes sign from negative at lagger posi-  local-density approximation. This theory, however, did not
tive values at smaller interelectrode distances. permit the calculation of the tunnel current. They calculated
For the W tip, the situation is quite different as detailed inthe total electronic charge density of the interacting tip-
Table VII. The W-tip atom does not carry a charge and theresample system and the force acting on the Al-tip atom. This
fore the long-range attractive part due to multiple image inforce is, of course, different from the force acting between
teractions is absent in the tip-sample interaction cuisfe  the sample and the tip as a whole, which is measured in
Fig. 10. In Table VII we see that the quasiclassical chargeexperiment. In order to make contact with this theoretical
rearrangement increases the local energy, but decreases @¥ort, the force on the Al-tip atom was also evaluated in the
image energy. From this we conclude that the tip-samplgresent model Hamiltonian approach. Figure 15 shows the
interaction involves a quasiclassical charge redistribution oralculated potential-energy curve of the tip-sample interac-
the W-tip atom, such that a hybridization 066 6p,-, and tion together with the force resulting from this curve. It also
5d-tip orbitals in the direction to the sample surface oc-displays the force acting on the tip atom as evaluated in the
curs. This acts as a preparation for forming a covalent chemiavo mentioned approaches. The force acting on the tip atom
cal bond with the sample, which sets in more abruptly afis, at least at small separations, much smaller than that be-

VI. THE AL (111)/AL TIP IN INTERACTION
WITH AN Al (111) SAMPLE SURFACE

TABLE VI. Contributions to the interaction energy in eV for TABLE VII. Contributions to the interaction energy in eV for

W(110/Al-Al (112) at distance=3.23 A. W(110/W-Al(111) at tip-sample separation of 4.81 A .

Local Image Total Local Image Total
Frozen local charge 2.12 —-1.26 0.86 Frozen local charge 0.20 -0.12 0.08
Quasiclassical change —-2.79 0.60 —-2.19 Quasiclassical change 218 -—1.00 1.18
Interference 2.10 —-0.43 1.67 Interference —-1.22 -0.27 —-1.49

Sum 1.43 —1.09 0.34 Sum 1.16 —1.39 —0.23
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FIG. 15. The interaction energy between an A{#l1) tip and FIG. 16. Interaction energy and force gradi¢steplike curve

an Al(111) sample, the force between the two electrodes and théor an AIJAI(11D) tip above A{111) surface.
force acting on the Al-tip atom between the two electrodes
(crosses The force on the Al-tip atom calculated by Ciraci, Barat- ) . .
off, and Batra(Ref. 34 for the same model in a supercell calcula- @ccount electron correlation, multiple image effects, and
tion is plotted with rectangles. electric-field effects. The results favor a nonactivated spon-
taneous transfer of the Al atom from the Al surface to the W
surface, even without an applied electric field, if thé \A0)
tween tip and sample, because the total energy changes lesig'face is brought close enough to thé1All) electrode. The
when only one atom is moved instead of the whole tip. Thebarrier for desorption from the £111) surface collapses and
comparison of this quantity as calculated within the twoa directional driving force pulls the Al atom towards
theories is favorable. W(110. This behavior is due to the stronger chemisorption
The main interest is, however, in the measurable forcénteraction of the Al atom with the tungsten surface. The
gradient between tip and sample at larger distances than diggason is associated with the presence ofdfedectrons on
played in Fig. 15. This is shown in Fig. 16, in comparison totungsten, which can polarize towards the adatom, gaining
the experimental data by Tig and Ziger!® The experimen- energy from the attractive interaction with the Al core.
tal distancewhich can only be measured relative to an arbi- Our investigation suggests that Al atoms will be trans-
trarily defined reference distandeas been adjusted again so ferred to the tip in scanning tunneling microscopy, if an
that the zeros of the force gradients agree. At these larg8l(111) surface is scanned with a tungsten tip. This will
separations the behavior and the physics are quite similar teccur even in the limit of zero voltage at some critical elec-
those of the Al/W110) tip (cf. Sec. V). At closer distances trode separation and has no relation to field-induced desorp-
the behavior is, however, quite different. The interaction ention. Of course, field effects might modify this behavior.
ergy is significantly more attractive than for the A0 However, our results demonstrate that no applied electric
tip and this leads to a second pronounced minimum in théield is necessary for atom transfer beyond a critical elec-
force gradient. trode separation. Support that this is indeed what happens in
In this paper, we only studied the force gradient for ae€xperiment comes from the comparison of the tunnel current
fixed tip atom-tip base distance. Of course, the tip atom willand force gradient variations with tip-sample distance. The
adjust its position according to the forces acting on it. Cal-calculated force gradient for the AI/AWL0 tip above the
culations taking this into account have been performed anél(111) sample surface resembles closely the experimental
lead to a relaxation of the tip-atom position of up to 0.5 A results of Duig and Ziger*® for an Ir tip on an Al film. The
(Ref. 35. This does not lead to any change of the physicaforce between the tip and the sample reaches its attractive
picture presented here. One should, however, remark thaginimum at 8-A tip-sample separation. At this separation,
with this relaxation taken into account the force on the tipthe slightly positively charged Al-tip atom is neutralized, due
atom (cf. Fig. 159 will always be zero and, therefore, this to the proximity of the sample electrode and the image inter-
guantity has no meaning at all. action ceases to be of dominant importance. The theory ex-
plains the change in sign of the force gradient as a conse-
guence of this change in the chemisorption interaction of the
Al atom with the two metal surfaces. The comparison with

VIl. CONCLUSIONS the exp_erim_ental force_minimum m_ight be used for an abso-
lute calibration of the tip-sample distance.
The theory of the interaction of an Al atom with a(¥d.0) The special properties of the tunnel tip, produced when an

and an A(111) electrode has been presented within a spin-Al atom is transferred from the A111) sample to the
unrestricted screened Hartree-Fock method, which takes inte/(110)-tip electrode, can yield an explanation of the experi-
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mentally observed features with two different probing tech-unrelated quantities. This fact gives us confidence to claim
nigues, i.e., scanning tunneling and force microscopy. Usinghat Al atom or cluster transfer indeed occurs when an alu-
this tunnel tip, we reproduce the distance variation of bothminum surface is scanned by a tungsten tip even in the ab-
the tunnel conductivity and the force gradient, two seeminglysence of an external electrical field.
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