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Abstract

The effect of the electric field created by an external voltage at a scanning tunneling microscope interface is analyzed by means of
a self-consistent LCAQ approach. The theoretical method introduced in this paper allows us to analyze realistic tip-sample
geometries without introducing spurious two-dimensional periodicities. We present results for both the lateral forces acting on
different alkali atoms adsorbed on an Al{100) sample and the atomic desorption potential induced by an external voltage. The
evaporation fields for Na and K are calculated for different tip-sample distances, and the results are in good agreement with the

experimenial evidence, © 1998 Elsevier Science B.V.

Keywords: Ab initio quantum chemical methods and calculations; Alkali metals; Aluminium; Green’s function methods; Scanning

tunneling microscopy; Surface diffusion

1. Introduction

Electric-field induced ionization has been used
since the invention of the field ion microscope [1].
With the advent of STM [2], different groups [3,4]
have been able to control the position of atoms
on metal or semiconductor surfaces by applying
an appropriate voltage between the microscope tip
and the sample. Moreover, by adjusting the sign
and the magnitude of the voltage, atoms have also
been transferred between the tip and the sample
[3,5]. Accordingly, one of the main theoretical
issues in the STM field is to understand and
quantify both the lateral forces acting on the
adsorbed atoms at the interface and the atomic
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desorption potential induced by an external
voltage.

Using a density functional (DF) approach,
Kreuzer et al. [6] and Neugebauer and Scheffler
[7] have studied the effect of a uniform electric
field on the desorption of atoms chemisorbed on
metal surfaces, while Buldum and Ciraci [8] have
analyzed the lateral forces and the atomic switch
induced between two metal slabs. More realistic
geometries simulating the tip-sample configura-
tion have been introduced by Hirose and Tsukada
[9] within a DF approach, although they used a
(2 x 2) parallel periodicity which might mesh some
of the effects associated with the atomic desorption
due to the ion-ion interaction between different
cells of the (2 x 2) supercell.

Linear combination of atomic orbitals (LCAQO)
methods [10,11] have also been used to study the
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desorption of atoms and molecules from small
clusters in the presence of very high fields. While
these calculations have given useful results for
understanding electric-field induced ionization pro-
cesses in the field ion microscope, the geometries
considered are far from the realistic geometries
appearing in the scanning tunneling microscope.

Realistic tip~sample geometries free of the prob-
lems introduced by a fictitious parallel periodicity
or by small clusters have only been considered in
the analysis of the van der Waals forces [12,13]
arising in the microscope.

The aim of this paper is to consider realistic
STM geometries [13] and analyze the effect of the
electric fields induced between the tip and the
sample on the chemisorption energy of atoms (Na
and K) adsorbed on metal surfaces (Al(100)). In
our approach, we use a an LCAO method [14,15],
which is presented in Section 2 along with our
model. Section 3 is devoted to discussing the
Green’s function techniques [16] used to solve the
realistic geometry analyzed in this paper. We
should comment that in the solution presented
here, we have neglected the tunneling currents
induced between the tip and the sample [9]. This
is a reasonable approximation for the tip—sample
distances analyzed in this paper (between 15 and
19 a.u.), a regime for which the microscope con-
ductance is at least 3 or 4 orders of magnitude
smaller than the quantum unit 2e?/A, a value which
can be expected to appear for a tip-sample close
contact [17]. In Ref [18]. we discussed how to
calculate these tunneling currents by means of the
LCAO approach used in this paper. We shall
assume throughout this work, however, that the
tunneling currents modify only very slightly the
calculated solution, taking them as equal to zero.
In Section4 our main results will be presented,
and Section 5 will be devoted to conclusions and
final remarks.

2. Model and general method of solution

Fig. 1 shows the general geometry of the STM
interface we are going to analyze, with an alkali
atom adsorbed on an Al(100) surface. The metal
tip is also assumed to be Al, although we consider

(iOO) |

Fig. 1. (a) STM interface geometry. (b) Different tip geometries
considered in this paper.

(111)

two different tip orientations (Fig. 1b) along the
(100) and the (111) directions. The tip geometry
has seven layers, and this cluster is assumed to be
joined to a reservoir fixing its chemical potential.
Notice that the Al tips have not been prepared to
comply with this model, although one could expect
these tips to exist after making contact between
the initial tip and the Al sample. Anyway, as
discussed below, in our analysis we shall mainly
concentrate our interest on analyzing the chemical
properties of the K-Al(100) bond, in such a way
that the main role played by the tip will be to
create the electric field acting on the alkali atom—
metal interface.

The chemical properties of the K(Na)-Al bond
will be analyzed using an LCAO-LD (linear com-
bination of atomic orbitals local density) method
which has been introduced elsewhere [14,15,19].
The method has been applied successfully to the
calculation of the properties of different alkali
atoms chemisorbed on metals or semiconductors.
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In the rest of this section, we present a summary
of its main features; for more details the reader is
referred to Refs. [14,15].

In our LCAO approach, we introduce an atomic
basis formed by the sp® valence orbitals of Al (3s
and 3p orbitals) and the s-valence orbital of Na 3s
or K 4s. In this basis, the electronic properties of
the system are described by the following

Hamiltonian:

H=H>*+H™, W

where

H* =Y En,+ ). T;;C;Cie @)
Lo L

defines the one-electron part of Eqg. (1), and

1 .
H™® =% Unpnyg + 5 Y V@nun;, + 1P n,n5,]

i#j.o
(3)

defines its many-body contribution. The different
levels E; of each orbital i and the hopping integrals
T;; are obtained using tabulated [20] atomic wave
functions for the valence orbitals mentioned above,
and the theoretical expressions given in Refs.
[14,15].

In Eq.{3), U®, J© and J define the intrasite
and intersite Coulomb interactions associated with
the atomic wavefunctions ¥; and ¥, In Refs.
[14,15], we have discussed how the many-body
Hamiltonian (Eq. (3)) can be reduced to an effec-
tive Hamiltonian using a Kohn-Sham approach.
In this scheme, we introduce the following Hartree
and exchange correlation potentials:

E’EH [HZ’O'} XC 6EXC [nio’]
— e

H =
io N
ong, onyy

; (4)

E™ and E*C being the Hartree and exchange corre-
lation energies, written as a function of the orbital
occupation numbers #;,. Then, Eq. (1) is replaced

by the following Kohn-Sham effective
Hamiltonian:
HM=H+% Vi + Vicln,. (5)

io

The Hartree energy is given by

E¥n] =Y, Uy,

1 ,
+ - Z [J(i?)nidnjc+‘]$?)ni6njd]7 (6)
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while the exchange-correlation term takes the
approximate form

1
Exc[ni] = 5 z ‘]inio'( 1 _nig)

1
_;Zﬁ(Ui_Ji)nia(l_nia>e (7)

the exchange term —3 ), Jin,(1—n,) is given
by the interaction between the charge #;, and its
exchange hole 1—n;,. The correlation term also
represents the interaction of the charge and its
correlation hole f;{(1 —#n;) (details about the factor
fi can be found in Refs. [14,15]).

The chemical bond between the alkali atom and
the metal surface is analyzed by selving Eq. (5).
We should comment that in our calculations (for
the alkali atom closer to the sample than to the
tip) we neglect, as mentioned in Section I, the
hopping integrals T;; between the adatom and the
tip. Obviously, we cannot neglect the electrostatic
potential the tip induces on the sample or the
adatom, since that potential plays a fundamental
role in the problem in which we are interested.

Eq. (5) has to be solved self-consistently, since
the occupation numbers »; defining the many-body
potential VH 4+ V*C depend on this same local
potential. In our general approach we use Green’s
function techniques [16] and project the semi-
infinite metal surface onto the last four layers.
This procedure allows us to reduce the total prob-
lem to a metal film of four layers, the adsorbed
species (either K or Na), and the tip. This problem
is still very complicated, and it is usually reduced
to a simpler one by introducing some periodicity
parallel to the surface. In the Section 3., we present
the method we have used to treat the geometry of
a single tip without resorting to spurious
periodicities.




N. Mingo, F. Flores | Surface Science 395 (1998) 342-355 345

3. Effective electrostatic matrix

In our self-consistent procedure, one starts with
a given initial Hamiltonian (Eq. (5)) and calcu-
lates 7;. In the next step, a new many-body poten-
tial V' + 17X is obtained using the new occupation
numbers 7;, and the cycle is repeated until a given
self-consistency in the charges n; and potentials
V8 4+ 1EC is obtained.

In our method of analyzing the geometry shown
in Fig. 1, we proceed as follows. First, we divide
our system into two parts, A and B (see Fig. 2).
Region A represents the area on the metal surface
where we assume the adatom and the tip to
introduce the strongest perturbation. Region B is
assumed to be only slightly perturbed. Then, we
assume that in region B, the perturbation potential
V? induces the following charge n®:

np=y Ve, (8)
J

where the sum extends to all sites and orbitals
belonging only to region B.

Crucial assumptions in Eq. (8) are the linearity
between # and '}, and that the charge #® only
depends on the potential induced in the same

Fig. 2. The interface is divided into regions A and B. Region A
is localized around the adsorbed atom.

region B. This is a plausible approximation,
because at long distances from the tip-adatom
region, the induced potential should change very
slowly with distance, and a linear Fermi-Thomas
approximation will be valid with #? proportional
to V'?. Metal surfaces can be expected to be always
within the limits of applicability of this approxima-
tion. However, semiconductors, where the screen-
ing length is very large, cannot be analyzed in this
way. The electronic polarizability XEP of the metal
is determined, in linear theory, by using the Green’s
function G{9(w), defined by

GE?):(@éij—H('?))_l 9)

where H(' is the unperturbed Hamiltonian of the
Al metal surface. G¥(w) is calculated using the
decimation technique presented in Ref.[16], and
then ;7P is given by

1 (e
aP = = Im J G )G (w) dw. (10)

-0

In our calculations, only the diagonal term i=j
contributes substantially to the induced charge
n?, as corresponds to a Fermi-Thomas
approximation.

In general, in Eq.(8) V? refers to the total
potential acting on the orbital ;. We have found
that for the purposes of this work, this equation
can be well approximated by neglecting the
exchange and correlation contributions. The main
reason for this result is the long-range character
of the electrostatic potential induced at the inter-
face: the short-range, many-body terms only intro-
duce slight changes in the induced charge at each
site. Thus, in our approach we have substituted
Eq. (8) for

ne+> P VE (1)
J
where Vg ; is only the Hartree potential.

We are going to use Eq. (11) to reduce the total
self-consistent problem in the region A +B to an
effective self-consistent problem in the reduced
area A.

To this end, consider the self-consistent Hartree
potentials 7§ and V% and their relation to the
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induced charges #* and #®

Vai+> o HA-l—Z viBa?, (12)
j

=Y oj) ilA—i-ZlBB n?, (13)
J

where v** and 88 define the Coulomb poten-

tials created by the different charges. It is conve-
nient 1o rewrite Egs. (11)-(13) in matricial form

nB=}(BBVB, (14)
I}ﬁ __UAAHAUAB B ( 15 )
Vi, =040 + 0% (16)

Then. eliminating #® and V® from Egs. (14)-(16),
we obtain

V A [ LJAA +UAB BB(I BB}C,BB) lvBA]nA.

(17)

This is the basic equation allowing us to include
the effect of region B in the self-consistent equa-
tions for region A. In this method we replace the
effect of region B by the effective potential vif

linking ¥ and »*. Thus. instead of #**, we have
to use the effective Coulomb interaction
v;’\f?_vAA +L’ABZBB(I—UBBZBB)_IUBA. (18)

Then, we solve the sample-adatom-tip problem in
the reduced region A, and introduce the effect of
region B through the effective Hartree potential
defined by Egs.{17) and (18). Notice that the
main dii’ﬁculty of this method is to obtain
(I-v®ByP) "1 this is calculated only once, and is
used later on in each step of the self-consistent
procedure. In practice, we can easily introduce in
our calculations a region B extending up to 10-14
cells away from the adsorbed atom, and reduce
the full non-perturbative self-consistent calculation
to a restricted area A, having a size of only 3 x 3.

It should also be noted that the electronic struc-
ture of the reduced area A is obtained using the
Green’s function techniques already presented in
Ref. [16]. and determining, in a first step, the
different components GiJ'(w) (i,j € A) of the ideal
metal surface, In this approach, we neglect the
small perturbation which the Hartree potential
VB introduces into the Green's function G¥ of
region A. In a further step, this Green’s function
is perturbed by the different interactions between

the metal and the adsorbed atom or the tip. The
crucial point to realize is that the combination of
this Green’s function technique and of the effective
Coulomb interaction discussed above reduces the
general problem to calculating self-consistently V;
and n; around the reduced region A.

4. Results

First. we have analyzed the electrostatic inter-
action between an Al iip and a clean Al(100)
surface. For this case, we have only calculated self-
consistently the electric field at the tip-sample
surface, and have neglected any other effects like
surface relaxation, etc. This means that for the tip
and the sample, we have used the tight-binding
parameters taken from Ref. [21], and have only
obtained the electronic charge induced on both
surfaces, introducing the self-consistent equations
between that induced charge n; and the energy
levels E; of each orbital. In this self-consistency,
Egs. (17) and (18) have been used to reduce the
total self-consistent equations to a small area
around the center of the tip.

Figs. 3a and b show our results for the (100)
and (111) Al tips for a tip—sample distance of
19 a.u. and a bias of 9V, with the apex atom of
the tip located above a surface hollow site. Notice
the similarities between the two cases, even
though the Al(111) tip is sharper and creates an
electric field which changes more rapidly in the
direction perpendicular to the surface. Thlb tip
creates a maximum electric field of 0.34 V A~
the metal surface, while for the (100)-oriented tlp
this field is 0.42 V A~! These values should be
compared with the mean electric field
(0.90 V A™!y associated with the bias (9 V) and
the distance (19 a.u.). Obviously, the effect of the
tip geometry is to increase the mean electric field
near the tip and to reduce it by more than a factor
of 2 at the metal surface. We have explored the
linearity of the induced field with respect to the
applied voltage, and have found that, for the
geometries analyzed in this paper, when there is
no alkali atom adsorbed on the surface, the system
behaves with a high linearity at least for

~9V< V<9V, This result is easily understood
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Fig. 3. Electrostatic potential at the STM interface for =
9au and '=9 V. (a) (100) tip orientation. (b) (111) tip
orientation.

by realizing that the maximum electronic charge
induced on the Al atoms is always small compared
with its total valence charge of three electrons. We
have found that this linearity also applies to a
tip-sample distance of 15a.u. For these smaller
distances. the electric field resembles very much
the results of Fig. 3, and its values can be obtained
from Fig. 3 by a simple scaling with the distance.
As the differences between the electric fields created
by the (111)- and (100)-oriented tips on the metal

are rather small. in the following discussion we
will present our results for the adsorbed alkali
atom considering only the (100)-oriented tip.

We now turn our attention to the case of a
tip-alkali atom-sample configuration with the
apex atom of the tip located above a hollow site
of the AI(100) surface. We have applied the general
method explained in Section 2 to the calculation
of the chemisorption energy of a4 Na (or K ) atom
located at the interface. Fig. 4 shows the chemi-
sorption energy for Na as a function of its coordi-
nates in the ——x plane (- is perpendicular to the
surface and x goes along the (010) direction) for
d=19au. and V=-9, —3. 3 and 9V. The
different curves in Fig. 4 correspond to constant
chemisorption energies. Notice the evolution of
the chemisorption energies and the different barrier
heights as a function of the applied bias. For V'=
+3 V. the structure of the chemisorption wells is
not changed greatly by the applied voltage. The
maximum chemisorption energy just below the tip
center is 1.64 and 1.27 eV for V= +3 and -3V,
respectively. These values should be compared
with 1.43 eV. the chemisorption energy for V'=0.
The main effect of a positive (negative) voltage is
to create an electric field near the surface which
attracts (repels) the ion towards (from) the tip.
Fig. 5 shows the adatom chemisorption energy
along the dotted lines shown in Fig. 4: these curves
measure the importance of the attractive or repul-
sive well induced by the tip bias. Figs. 4 and 5 also
show similar results for =49 V. For these cases.
the effects already appearing for V=+3V are
much more pronounced. In particular. for 9 V we
see that the barrier heights for the motion of the
atom paralle] to the surface have been reduced to
around 0.0l eV. We have also found that the
atomic potential well along the metal surface.
induced by the tip-sample voltage. can be
described well by the following function:

oE,

T T (19)
[T+ (p/po) )"

where JE; is the maximum well depth, po 1s a
length measuring the well width. and p is the
distance to the center of the well. Table 1 gives
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Fig. 5. Na chemisorption energy along the dotted lines of Fig. 6.
@ V=9V, (L) V=3V, (c) ¥=-3V,(d) V=-9V.

different values of 0E, and p, as a function of d
and the applied bias V.

Regarding the motion of the atom in the direc-
tion perpendicular to the surface, in Fig. 6 we have
drawn the chemisorpiion energy of Na as a func-
tion of the atom-metal distance for different

Fig.4. Curves of constant chemisorption energy for Na
adsorbed on AI(100), 4=19 a.u., and (a) V=9V, (b) V=3V,
(¢) V=-3V, {d) V=—9V. The straight line (x=0, 2) is per-
pendicular to the surface and goes from a surface hollow site
to the center of the tip-apex atom. The scale of energies can be
taken from Figs. 5 and 6. Contours are taken every 0.05eV.
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Table 1
0E, and p, define the potential well induced parallel to the sur-
face (Eq. (19)) for different values of V and o

| OF Po
(a) Na, d=19 a.u. +9.0 —-0.34 8.92
+3.0 —0.16 6.12
-3.0 +0.21 5.88
-9.0 +0.73 5.12
(b) Na, d=15a.u. +6.0 -0.34 6.23
+2.0 -0.5 4.80
-2.0 +0.19 4.47
—6.0 +0.69 3.95
(c) K., d=19 a.u. +5.0 —-0.22 9.36
+2.5 +0.20 6.23
-2.5 +0.49 5.09
-5.0 +0.49 4.42
(d)K,d=17 a.u. +3.5 -0.20 7.12
+2.0 —0.14 5.98
-2.0 +0.20 5.16
—3.5 +0.39 3.57

S
h o
M

Energy [eV]
s

z [a.u.]

Fig. 6. Na chemisorption energy for d=19 a.u. along different
straight lines perpendicular to the surface. Full lines: (x=0.z)
and V=0, 3, 6 and 9 V. Short-dashed lines; (x=1 lattice con-
stant, =} and ¥'=3, 6 and 9 V. Long-dashed lines: (x=2 lattice
constants, =) and }'=3, 6 and 9 V.

applied positive voltages and d=17a.u. This
energy is shown for different straight lines perpen-
dicular to the surface, passing by the tip center
(solid line) and displaced by 1 and 2 lattice dis-
tances (long- and short-dashed lines, respectively:
I lattice distance=>5.4a.u.). From Fig. 6 we can
obtain the behavior of the barrier height for the
transfer of Na from the sample to the tip as a
function of the applied voltage. Thus, we see that
the initial barrier of 1.43 eV is reduced to 0.3 and
0.0eV for ¥=9V and I'=12V, respectively. It is

obvious that for ¥=10V and room temperature,
we can expect the atom to be transferred from the
sample to the tip.

Figs. 7-9 show our results for Na and d=15
a.u. In Fig. 7 we present constant chemisorption
energy curves in the x—z plane. Fig. 8 shows the
chemisorption energy along directions parallel to
the surface, and Fig. 9 shows the same energy for
several perpendicular directions. Figs. 10-12 pre-
sent similar results for K and d=19 a.u., while
Figs. 13-15 show the case of K for d=17 a.u.

From these curves we see that for Na, the atomic
transfer is achieved for a substantially smaller
applied bias if the tip-sample distance is reduced
from 19 to 15a.u. On the other hand, since the
chemisorption energy of K on Al is substantially
smaller than that of Na, the voltages producing
atomic transfer are also much smaller (3-5 V).

Table I and Eq.(19) summarize well all the
results for the surface induced by the applied
voltages. Fig. 16 also shows the evolution of the
adatom chemisorption energy just below the tip
center as a function of the applied bias.

Fig. 16 is also important in order to analyze the
non-linearity of the effects associated with the
applied bias. As these curves show, the chemisorp-
tion energy does not change linearly with the
voltage. In particular, the energy changes more
slowly for positive biases (values for which the
atom can be transferred from the tip to the
sample). It is important to realize that this non-
linearity is associated with the charge transfer
induced on the system between the adatom and
the metal. For positive voltages, the atom loses
some electronic charge and becomes more ionic.
Eventually, for high positive biases, the atom loses
its electron charge completely and Jumps to the
tip in a bare ion state.

5. Discussion and concluding remarks

The results presented in this paper show how
the electric field created by a voltage applied
between a STM tip and a metal sample interacts
with an alkali atom adsorbed on the metal. The
method presented in this paper has allowed us to
study that interaction for long lateral distances
between the tip and the adsorbed atom. In particu-
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located at 17 a.u.

lar, this calculation gives information about the
lateral forces the atom feels when adsorbed on the
surface. Eq.(19) and Table | give a reasonable
description of the potential well the tip creates just
below it on the metal surface. Note that Eq. (19)
has been chosen as the z-component of the electric
fleld created at the metal interface by an external
charge. This suggests that the chemisorption
energy of the adsorbed atom is roughly propor-
tional to the local value of E.. It is interesting that
for Na and a tip-sample distance of 19 a.u., the
lateral barrier around the center of the well practi-
cally disappears for high positive voltages (around
9-11V). For K and the same tip—sample distance,
the lateral barrier is very small at 5-6 V. Similar

results are obtained for Na and d=15a.u if V=
6V; for K and d=17a.u., the voltage of zero
lateral barrier is only around 4 V.,

In all these cases, we find that the lateral barrier
around the center of the well has disappeared for
voltages for which the atoms start to evaporate
from the surface. The nominal evaporation fields
for the cases studied in this paper are the following:
(1) Na:d=19au. E=1 22VA L
(2) Na: d=15au. E=091 VA~ 1,

(3) Kid=19au. E=0.52 VA~

(4) Kid=17au E=041 VA1,

These values should be corrected by the effective
field acting on the atom (see Figs.3a and b).
Taking into account the appropriate reduction
factors, we find the following effective evapora-
tion fields:

(1) Na:d=19au Ef=0.58 VAL,

(2) Na: d=15au. Ef=0.55V A,

(3) Kid=19au. ET=025VA-1,

(4) Kid=17au. Ef=022V A1

The effective evaporation fields for Na and K are
practically independent of the tip-sample distance.
This 1s the expected result if one can neglect the
effect of the changes of the electric field in the
direction parallel to the surface. The differences
between Na and K are, however, important due
to the very different chemisorption energies they
have. The values given above should be compared
with the evaporation fields calculated by other
authors for a uniform electric field. Neugebauer
and Scheffler [7] calculated 0.8 VA~! for Na on
the Al(111) surface, while Kahn and Ying [22]
obtained 0.7 VA- ! for Na on jellium and
0.4V A~ for K. The experimental evaporation
field [23] for Na and K on W(110), the only
system for which we have found experimental
information, is 0.6 and 0.36 V A™*, respectively.
these values are in reasonable agreement with our
values, and show the same trends of our resuls.
Probably, this mainly reflects the stronger bond of
Na in both cases.

Our results should also be compared with those
of Hirose and Tsukada [9], who analyzed the
desorption of Na from a clean Na surface due to
the field created by a Na tip located 14 a.u. from
the metal surface. Their results suggest that a Na
atom Is transferred to the tip for a voltage close
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to 5 V. The nominal evaporation field of this case
is 0.68 VAL, and the effective evaporation field
(using our own reduction factor as suggested by
Fig. 3) is 0.30 VA ™% This result should be com-
pared with our previous values for the evaporation
field. For Na on Al we find an evaporation field
which is twice as large as that given by Hirose and
Tsukada. We think there are two explanations for
this discrepancy. The first is associated with the
different method used in the two calculations. In
Hirose and Tsukada's approach. a 2 x 2 supercell
is used and this model introduces spurious correc-
tions due to the interaction between the ions in
different supercells. In other words, in the 2x2
supercell, an atom jumping from the surface to
the tip does it in a bare ion stale and interacts
simultaneously with equivalent ion states in
different supercells. This interaction should correct
the evaporation field calculated for a “single”
atom. as done in our calculation. On the other
hand. the Na-Na system analyzed by Hirose and
Tsukada differs substantially from the Na-Al
system analyzed in this paper. For Na chemisrbed
on Na. Hirose and Tsukada calculated a chemi-
sorption energy of 0.8 eV, a value which is more
similar to the chemisorption energy we have
obtained for K adsorbed on Al. This suggests that
the evaporation field for the Na-Na interface
should be more similar to the value calculated
above for K on Al It is difficult to judge. at this
level. which effect is more important in explaining
the difference between our results and those of
Hirose and Tsukada. Probably, the difference in
the chemisorption energy of the two systems is the
dominant effect. modulated slightly by the different
models used in the two calculations.

Returning to the atomic transfer process for
fields close to the evaporation limit. it is worth
noting that near this limit, the lateral and perpen-
dicular barriers collapse almost simultaneously.
Thus, we find that for the evaporation fleld the
adsorbed atom can move almost freely, both on
the metal sample (around the center of the well)
and in the direction perpendicular to the surface
from the center of the well to the tip. A good
description of this behavior can be obtained from
Figs. 4, 7. 10 und 13, where curves of constant
chemisorption energy are drawn as a function of

the y—- coordinates. Consider the cases for high
positive bias, when the atom is close to the evapo-
ration limit; in particular, look at Fig. 10, for K,
d=19a u. and ¥=5V. Fig. 10 shows how a very
wide tube, of radius larger than a lattice constant,
opens in the direction perpendicular to the surface:
this is the region where the alkali atom moves in
when being transferred from the sample to the tip.
Notice also how the potential well for K evolves
in the direction parallel to the surface (Fig. 11):
after three lattice constants, that potential has
gone up only by 0.2 eV. This is in agreement with
the results shown in Table ! for the potential well
induced by the tip. Note how the width of the well
increases for large positive voltages which develop
a deeper and broader well.

Finally, we note that the results calculated in
this paper have been obtained by assuming that
the metal layers have no relaxation. Considering
that the cohesive energy per atom for Al is much
larger than the chemisorption energies of either
Na or K. we can expect those relaxations to be
unimportant, especially for K with a chemisorption
energy of 0.8eV. We cannot exclude, however,
that some minor details, like changes in the poten-
tial barrier along the surface, could be affected by
the metal relaxation layer [7].

In conclusion, we have presented an LCAO self-
consistent calculation for analyzing the lateral
forces acting on an alkali atom chemisorbed on a
metal surface and located close to a tip. We have
also calculated the evaporation field, and have
presented a complete description of the surface
potential controlling the atom’s lateral diffusion
and its sample-tip atomic transfer.
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