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Abstract

Physisorption on metal surfaces, and the tunneling currents
through the adsorbed species, are calculated using a unified
formalism that presents both problems on the same footing. Our
method is based on a self-consistent LCAO approach whereby
the different interaction parameters defining the bonds, and the
tunneling currents, are calculated using the atomic properties of
the atomic species forming the interface. Green function
methods and the Keldish formalism are used to calculate the
different physical properties. We present results for xenon
adsorbed on aluminum.

Abbreviations

ST™M Scanning Tunneling Microscope
LCAO Linear Combination of Atomic Orbitals
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1. Introduction

Recent research in the field of the STM has shown how to control the position of atoms
on different surfaces, move them along the surface and even transfer them between the tip
and the sample by applying a suitable voltage [1-4].

The first results in this field were obtained with xenon adsorbed on a nickel surface
[5], and although the main mechanism explaining the atomic transport process has been
described using a semi-empirical approach [6], we still lack a more fundamental approach
that yields on the same footing both, the xenon-metal interaction including the effects due
to the metal lattice, and the tunneling currents across the adsorbate.

The aim of this paper is to present a unified treatment of both, the interaction of rare
gas atoms with metal surfaces, and the tunneling currents across the microscope interface.
In section 2 we discuss our formalism, while in section 3 we present our results for xenon
adsorbed on aluminum. We should stress that the general formulation discussed in section
2 is the combination of the different approaches presented in previous works [7-10].

2. Formalism: Interaction Potential and the Tunneling Currents

In Fig.1 we show the geometry we are interested in: a rare gas atom () is adsorbed on
a metal and we start to explore this surface geometry by calculating the tunneling currents
between the tip (T') and the surface (S). In our formalism we use a LCAO approach to
describe the tip-atom-sample interaction by means of the general Hamiltonian:

I:I=1:IT+ﬂs+f{a+ffint (1)

where ffT and Hg are the tip and sample Hamiltonians, H, the rare gas atom Hamiltonian,
Yoo EaCL,UCa,a, and

mt—ZTL (el yeaw + ¢ otio) + S TRAc saw + ¢l i) +ZTLR (cycio + ¢l pcio)
o,
(2)

defines the interaction between the rare-gas levels, ¢, and the different orbitals on the tip
(L) and the sample (R), and the interaction between the tip and the sample.

Tunneling currents between the rare gas atom-sample composite, A, and the tip can be
calculated if the coefficients T;, and T}If (Tpa hereafter), are known. Using the Keldish’s
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FIG. 1. Geometry for the interface tip/adsorbed-atom/sample. Shaded circles represent
xenon atoms.

Green function method, as applied by Caroli et al. [11,12], the tunneling current, J, between
the tip and the rare gas atom-sample composite is given by:

J:—‘ZE-ZTLA <CECA>-<CLCL >) (3)
where <> is the mean expectation value in the stationary state defined by the applied bias.

Equation (3) can be written as a function of the Keldish’s Green functions components,
GFi [11], as follows:

= ihZATLA / |G (@) = Gy ()] (4)

These Green functions components can be calculated by solving a Dyson-like equation,
relating the Green functions of the total system to the Green functions of each independent
surface coupled by the hopping terms, Tr4. In this approach the xenon-sample system forms
a simple entity. Details can be found elsewhere [12], let us only mention here that the total
current, J, can be written as follows:

T = T [ e Tian () Dig Pl @)D @ele) - 2] (9)
where,
1) = [ - TG TG (6)
and,
Dialw) = I - a6 TLERT (7)

G and G"® being the advanced and retarded Green functions of the uncoupled system
(with T4 = 0); p° refers to the density of states (p° = —2ImG"(?)), and fy,4 are the Fermi
distribution functions for the tip and the adsorbate-sample composite, respectively.
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Equation (5) yields the tunneling current if the different hopping terms, T4, are known.
We shall turn our attention now to discussing how the different T4 can be calculated. To
this end, we start by considering the one-electron Hamiltonian, H, associated with all the
atoms forming the interface (the tip, the sample, and the adsorbate). Eigenfunctions of H
can be obtained using a LCAO method:

U= Z Ci,nwi,n

i referring to a particular atom and n to a particular orbital. Then, eigenstates of H are
given by the secular equation:

det| < Yin|H — Elthj > | =0 ' (8)
It is convenient to introduce the Lowdin’s basis:

o, = 2(5_1/2)a,a’¢a’

where, Sq ot =< %,|tar > (@ = (7,n)), and to write the matrix defining the secular equation
as follows: '

_‘Eja,a’ + (S_l/z)a,be,b'(S_I/Z)b’,a’ (9)
where fa,a: is the unit matrix. This last equation, defines the effective Hamiltonian,
Hyp=S§HPHST (10)

for our initial system.
Rare gas atoms have a small overlap with other atoms and, it is natural to calculate H,y¢
which, by expanding S~%/2 up to second order in the overlap coefficients, Seat, yields:

1
(Heff)an = Hao + 7 Y S2(How— Hop) = Y SapTha (11a)
b a#b
1
(Heff)ap = Top = Hop — §Sa,b(Ha,a + Hyy) (118)

Equations (11) show how a rare gas atom interact with the tip or the sample. In partic-
ular, (11b) yields the hopping interaction between orbitals a and b; it can be shown [7] that
T, can be well approximated by:

Tos =~ [ dS(427%1 — $5V%) (12)

where 7 is a coefficient that typically takes values in the range of 1.3 to 1.5. Equation (12)
relates the hopping parameters, T, 5, to the Bardeen tunneling current, Tf,,, associated with
the wavefunctions, 1, and .

Equation (11b) establishes the link between the tunneling currents and the hopping
integrals appearing between the rare gas and the tip or the sample. It is now important
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to realize that the terms ZZ,, . 2 (Hao — Hyp) and — 3,2 SapT0y represent the repulsive
interaction appearing between the electromc clouds of different atoms that tend to increase
the kinetic energy of the system when overlapping.

Then, the one-electron part of Hamiltonian (1) describing the interaction of the rare gas
with the interface, can be written as follows:

Frinter _ZE"W'*'ZE nJU+ZE g + Z Tiaf c,ocaa+cwc,,a)+

Jo 1,000

+ 3" Tialel s Can + el o) (13)
oo
where E and T are given by (11a) and (11b), respectively.

It is interesting to stress that the terms [1S2 (H, . — Hy ) — Sa 370 ] Play a crucial role in
describing the repulsion between rare gases and metal orbitals. This can be understood by
considering the interaction of a fully occupied rare gas orbital, E;, and a partially occupied
level of the metal, E;. One can prove that, for this case, T}, can be approximated by 8]
—1512(E2 — Ey). Then, considering only the one electron terms, one reaches the conclusion
that the levels, F; and E,, are shifted by the following quantities:

6E1 = 0; (5E2 = Slzyz(Ez — El)

This metal level shift measures the contribution of the one electron terms to the repulsive
potential between the occupied rare gas orbitals and the metal.

The total rare gas-metal interaction is obtained by adding the Coulomb interaction term
to Hamiltonian (13):

- 1 = 1 -
HCoulomb = ’2_ E (Ji,a'hi,aﬁa,a + Ji,aﬁi,aﬁa,o-) =+ 5 Z (Jj,aﬁj,aﬁa,a + Jj,aﬁj,oﬁa,a) (14)

i,0,0 a0

here, J;, measures the Coulomb interaction between orbitals ¢ and «a, while j,'ya = Jia —
Jzio + Ji jS? 'i» Juia eing the exchange interaction between the same orbitals 7 and o.

The contnbutlons arising from Hamiltonian (14) can be analyzed using an approxima-
tion that yields the exchange-correlation energy associated with the interaction between an
orbital o and the metal orbitals j. Following reference [13], we can write for the exchange-
correlation energy associated with the orbital o, o:

1—
EZ,CU = —§Jana,a X (1 = nge) (15)

where n, , is the mean occupation number of the &, o-orbital, and J, an average interaction
between the n,,-charge and its exchange-correlation hole (1 — n4 ).

Following Kohn and Sham {14], we introduce the following local potential, V¢, associated
with the exchange-correlation energy:

aEa:c

e __

o0 T ana,o

= —Jo x (% — Nayo) (16)

3
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In particular, for the almost empty xenon 6s level, n,, ~ 0, and V7, describes the image
potential that lowers that level towards the metal Fermi energy.

Equations (15) and (16) have been used to calculate the many-body effects between
the rare gas atom levels and the surface. In particular, for xenon, this analysis has been
applied to the 6s and 5p orbitals that change their occupations slightly with respect to
the free-atom occupancies. Other filled orbitals have full occupancies, and their exchange-
correlation interaction is negligible accordingly.

In summary, the short-range interaction of the rare gas with the metal surface is calcu-
lated in the following way:

(i) The repulsive interaction associated with the overlap between different orbitals is
calculated using equation (11a).

(i1) The hopping integrals, T;, or T}, define a hybridization energy between the rare
gas atom and the surface that is interpreted in terms of a binding energy.

(iii) The exchange-correlation contribution given by (15) and (16) has to be added to
the previous terms

(iv) Finally, an electrostatic term is also calculated. This term takes into account the
Coulomb interaction associated with the small charge transfer that can appear between the
adsorbed atom and the surface.

Therefore, the total (short-range) interaction between the rare gas and the surface ap-
pears as the sum of four different contributions: repulsive overlap interaction, hybridization,
exchange-correlation and electrostatic energies. Results for the interaction of xenon with
aluminum will be displayed showing those different contributions.

3. Results

3.1. Adsorption of xenon on aluminum

In our calculation of the adsorption of xenon on aluminum, we describe the metal sur-
face using conventional tight-binding parameters [19]. Thus, the method presented above
has been applied to the calculation of the xenon-metal interaction. To this end, atomic
wavefunctions and the xenon energy levels have been taken from atomic tables or standard
atomic calculations [15].

The total xenon-metal potential is obtained by adding to the short range potential the
van der Waals interaction:

C3
Voaw R ———=
W =z ) (17)

where z,qw 1is the reference plane. Saturation effects, for z — z,gw, are taken into account
as discussed by Tang and Toennies [16]. We have used in (17) the conventional parameters
given in the literature [17,18].

Figure 2a shows the xenon-aluminum interaction for xenon approaching the metal surface
along the top and center positions on Al(100). The minimum in the interaction energy
appears for the center position, around a xenon-aluminum distance of d ~ 4.6 A; this
position is more favourable than the top one, due basically to larger hopping integrals
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between xenon and the metal that increase the hybridization and the many-body energies.
This point is better understood if we split the short-range xenon-aluminum interaction into
its different contributions: repulsive, electrostatic, hybridization and many-body energies.
Figure 2b shows those contributions for xenon located on the top position (similar results
are found for the center position [20]).
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FIG. 2. () Xe/A1(100) total interaction for hollow (full line), top (dotte(_i line) adsorption
sites, and long-range van der Waals contribution (broken line). (b) Different s_ho.rt-al.nge
contributions are shown for top site (full: kinetic repulsion, broken: hybridization,
dotted: electrostatic, broken-dotted: exchange and correlation).
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FIG. 3 chsitﬁ of states on the xenon atom for the center equilibrium position of Fig. 2a.
E o 1s the charge neutrality level. :
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For rare gas atoms of small size (e.g. helium), the typical atom-surface interaction shows
a repulsive term that controls the short-range interaction potential for all distances; for
xenon things are different due to the role played mainly by the 6s orbitals. The point to
realize is the following: due to the interaction of those orbitals with the metal, we find
that some charge is transferred from the metal to the xenon 6s orbital. Figure 3 shows the
density of states on the xenon atom, with the 5p and 6s orbitals showing some broadening
and, accordingly, some overlap with the Fermi energy: although this overlap is small, it
allows some charge transfer between the metal and the 6s level (around 0.08 electrons) that
tends to increase substantially the hybridization and the many-body energy contributions.
These effects are clearly seen in Fig. 2b, where the hybridization and the many-body terms
show important contributions between distances of 4 A and 5.5 A.

Our results show that the short-range interaction is more similar to a typical chemisorp-
tion case than to physisorption. In physisorption, the short-range interaction shows a re-
pulsive behaviour that is compensated, around the physisorption energy minimum, by the
attractive van der Waals potential. In chemisorption, some bonds are formed between the
adsorbate and the substrate. For xenon, we find a precursor of a bond formed between the 6s
orbital and the metal; the interaction between that orbital and aluminum is the responsible
of having an atractive short-range xenon-aluminum potential due to the charge transfer to
the 6s level. This effect appears for distances between 4 A and 5.5 A; for shorter distances
the high repulsive energy associated with the high electron density of aluminum, prevents
the xenon-atom to penetrate the metal.

3.2. Tunneling currents: topography of xenon adsorbed on Al
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FIG. 4. 0-d curves for different tip-surface distances.

In this section, we analyze the topography of xenon adsorbed on aluminum, by calculating
the tunneling currents as described in section 2. The first step is to calculate the electronic
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properties of xenon adsorbed on the metal, and to obtain the different quantities, P%aw)
and GY4(w). Then, (5) and (6) are used to calculate J, the tunneling current: this step
can be performed after calculating also independently the tip electronic properties defining
pi(w) and G (w).

The geometry relevant to the tunneling problem has already been introduced in Fig.1:
one atom is assumed to be located at the apex of a pyramid having 4 atoms in its base. Each
atom of this base is then joined to a Bethe-lattice that simulates the metal bulk density of
states. Let us just mention that the electronic properties of this system have been calculated
by projecting each Bethe-lattice onto the atom of the pyramid to which it is joined. This
allows us to calculate the electron density of states, p}; (w) and the Green-function G (w),
by solving the reduced system formed by the atoms of the pyramid located around the tip
apex.

In our actual calculations for an aluminum tip, we have taken for the different electron
levels parameters given in the standard literature [19], except for the last atom located at
the tip apex, whose levels have been described by including the crystal field effects that
appear due to the lower symmetry of this atom (details will be published elsewhere).
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FIG. 5. Current saturation effects. (a) On empty hollow site. (b) On xenon atom.

Figure 4 shows the I-d curve, for constant tip-surface distance and applied bias, when
the tip is moved along the direction shown in the inset. Note that our results are obtained
for a p(2 x 2) adsorbed layer, with the xenon occupying the center sites as calculated in
the previous section. In this figure, different o-curves correspond to different tip-surface
distances, when the tip is moved along the direction shown in the inset. The current intensity
increases when the tip is located atop the xenon atom, except when the xenon-tip distance
is too short (d < 8.5 A) At these distances, we find an inverted o-curve associated with
the o-behaviour shown in Fig. 5. Here we show the o-d curve when the tip is located atop
the xenon atom or in an empty hollow site, and moved along the direction perpendicular to
the surface. The inverted o-curves of Fig.4 appear when the conductance for the hollow site
gets larger than the one found for the xenon position. In this case, we expect the STM to
become unstable because the feedback loop, if operated in the constant current mode, can
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find at least two different close heights where the tunneling current takes the same value
[21).

Coming back to Fig. 5, it is worth commenting that the o-d curves are directly related
to the surface corrugation that can be measured with the aluminum tip. In particular, we
have found that the o-d curve for h = 9.25 A corresponds to a surface corrugation of around
0.5 A. Notice that this corrugation is the result of analysing a p(2 x 2) adsorbed layer, with
several xenon atoms affecting the current measured at the hollow site of Fig. 5 (point A in
the inset of this figure). We have calculated that for a single xenon atom, the corrugation
measured by the aluminum tip can be increased by almost a factor of 3, yielding a value of
around 1.5 A.

Figure 6 shows the complete STM-like image produced scanning over a 9 x 9 A? area
keeping a constant tunneling conductance of 1.8 x 1072(e?/h). The (1 x 1) mesh formed by
the aluminum atoms is not visible under these scan conditions and we have put marks to
help the reader to visualize the unit cell.

Finally, Fig. 7 shows the o-d curve for b = 9.25 A, decomposed into the different
contributions associated with the different tip-orbitals. From this figure, we see that the s
and p, orbitals contribute to the normal corrugation topography, while the p, and p, orbitals
tend to yield an inverted topography. This effect explains that the surface topography can
depend on the particular electronic configuration found in the tip-apex. Crystal field effects
can change the s and p levels and modify substantially the surface topography measured
by the particular tip: this shows that the tip geometry can be crucial to the tip resolution
(details on these effects will be published elsewhere).
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FIG. 6. Atomic STM-like image for Xe/Al{100) at constant tunneling current (& = 9.3 A).



Noble Gases on Metals and STM

4. Conclusions

We present a formalism to obtain a realistic picture for the tunneling current measured
with a STM on a surface with or without adsorbed species. Tunneling of electrons between
two atoms is related to the bonds between atoms, so we take advantage of this simple phys-
ical picture to obtain an accurate approximation to the hopping terms using the Bardeen’s
tunneling current expression. Therefore, we treat on the same footing two relevant phenom-
ena on surfaces: chemisorption and tunneling. Because the basis of our calculations are the
atomic wavefunctions for the different elements in our problem, as obtained from standard
calculations in the literature, our approach is a parameter-free one that only depends on the
geometrical coordinates of atoms.

In this paper, we present results for Xe on Al(100). The physisorption of xenon on
aluminum has been described using the previous approach, and we have shown that the 6s
level of xenon in its interaction with the metal yields a kind of bonding interaction that
makes the short range potential atractive. Having calculated the xenon-metal interaction,
we have investigated the STM image of Xe adsorbed on Al(100).

We find the expected corrugation for this system, and we show how saturation effects
can affect the results. Our formalism is perfectly suited to study the regime of close contact
between tip and adsorbate or surface, as we do not use perturbation theory to obtain the
currents and we are fully including multiple scattering effects, believed to be important at
such small distances. We observe that the atomic-like nature of the last few atoms on the
tip apex are important to explain experimental results, and we include crystal field effects
on the energy levels to study the influence of different tip geometries. In this work, we have
chosen to keep the structure of the tip as simple as possible (we use aluminum), but work
on more complex tips (formed with W or Pt/Ir alloys) is in progress and will be published,
shortly.
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FIG. 7. Different contributions to o-d curve (h = 9.25 A).
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