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Contrast changes in STM images and relations between different tunneling models
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A change in bias voltage can reverse the contrast of a scanning-tunneling microscopy~STM! image of an
adsorbate molecule on a solid surface. This contrast change may take place not only in a case of tunneling in
the neighborhood of a resonance level of the adsorbate, but it can also be seen in the case of a wide energy gap
between highest occupied molecular-orbital and lowest unoccupied molecular-orbital levels. In order to find a
unified description of contrast changes in STM images, we make comparisons between different approaches to
tunneling. We especially consider the role of phase differences between possible tunneling channels. These
phase differences can be related to the imaginary and real parts of the Green’s function of the system which
reveal whether the tunneling takes place through a resonant state or a forbidden gap. Finally, we compare
experimental and calculated images of oxygen molecules on a silver surface and analyze the mechanisms of the
contrast change in terms of phase shifts in different tunneling channels.

DOI: 10.1103/PhysRevB.66.165421 PACS number~s!: 68.37.Ef, 72.10.2d, 68.43.Fg
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I. INTRODUCTION

Scanning-tunneling microscopy~STM! produces images
which reflect the local electronic structure rather than a re
space configuration of atoms on a solid surface.1 A standard
way to interpret STM measurements is to map the differ
tial conductance onto the local density of states~LDOS! of
the sample. This mapping can straightforwardly be deriv
from the Tersoff-Hamann approach to calculate tunnel
currents.2 However, a more exact elaboration of tunneli
formulas reveals that the conductance of molecular ad
bates on the sample surface deviates from
approximation.3,4 These kind of methods beyond the Terso
Hamann approach are, in general, based on Green’s-fun
techniques. Although they seem to make the relation betw
the LDOS and STM image somewhat intractable, they
able one to analyze the contribution from different tunnel
channels and their phase relations. Furthermore, these
niques applied to the adsorbate or impurity effects can
generalized to, e.g., magnetic impurities, as has been don
two recent studies.5,6

The complexity of the behavior of the tunneling current
especially seen in varying the bias voltage between STM
and molecular samples on metal surfaces. There are two
teresting points to note. First, certain molecules can be s
as relatively bright images although the tunneling takes pl
through a gap in the electronic structure of the molecu
Second, there are contrast changes within a rather na
bias voltage variation for certain adsorbates. The first ob
vation indicates that tunneling through a molecule is
completely inhibited even for a molecule with an energy g
at the Fermi energy. The second observation indicates th
considerable local change in tunneling current may t
place within a small voltage range. On the other hand,
differential conductance is defined as the rate of chang
current with respect to voltage,s5dI/dV. According to the
Tersoff-Hamann approach to tunneling, this change can
0163-1829/2002/66~16!/165421~9!/$20.00 66 1654
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attributed to a large LDOS of the sample. This approa
predicts a direct proportionality between the local different
conductance and the LDOS of the sample:s}rs(r ,E),
where the energy and the bias voltage correspond to e
other.2 This approximation indicates that a contrast chan
could be observed merely when varying the bias volta
from one side of a resonant state of the adsorbate to
other. However, there are cases where the contrast ch
takes place in a gap between eigenstates of a molec
sample, which means that a large change in current ca
necessarily be related to a high LDOS.

Water on silver is an example of this kind of behavio7

The water molecule has a wide gap between highest o
pied molecular-orbital~HOMO! and lowest unoccupied
molecular-orbital ~LUMO! states. Despite this, H2O on
Ag~111! can be imaged as bright protrusions for some b
voltages corresponding to energies in the gap. In addit
there are rather sharp contrast changes for some
voltages.7 A rather sudden contrast change is also seen
oxygen molecules on silver as shown below. This chan
may be attributed to a high LDOS, but a more unified exp
nation for both of these examples can be found by consid
ing the phase differences between different tunneling ch
nels and the Green’s function of the adsorbate.

A systematic study of the contribution of different rout
to the tunneling current has been done by Sautet.8 Using an
extended Hu¨ckel model and linear chains with a dire
‘‘through-space’’ ~TS! coupling and an indirect ‘‘through-
adsorbate’’~TA! coupling, a qualitative description for th
images of a few adsorbate atoms on a metal surface ca
found. First, in case of chemisorption, the adsorbate sh
and modifies the LDOS of the substrate, thus decreasing
tunneling current at the adsorption site. Second, an adsor
always increases the probability of tunneling, but there
either constructive or destructive interference between
and TA tunneling waves, which either increases or decrea
the total current, respectively. That study presents a v
©2002 The American Physical Society21-1
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valuable discussion of important factors contributing to tu
neling currents. However, it is possible to go one step f
ther, and connect the discussion of Ref. 8 to features o
more general Green’s-function approach.

In this paper, we shall investigate the role and origins
the phase difference of the wave function in throug
molecule and through-vacuum channels. We especially
tempt to make a mapping from a straightforward transm
sion model of an advancing wave through a barrier to a m
abstract Green’s-function-based scattering approach. In
nection with the latter approach, we discuss the role
imaginary and real parts of the complex retarded Gree
function in analyzing different tunneling channels. That ki
of analysis enables one to distinguish the role of phase s
in possible tunneling channels, which may go through re
nant states or forbidden gaps.

II. COMPARISON OF A SIMPLE BARRIER MODEL
TO A GREEN’S-FUNCTION APPROACH

In the following, we consider two differentgeneric mod-
els for tunneling of electrons across a spatial gap betwee
metal surface and the tip. The approaches take into acc
the most salient features of an adsorbate molecule. First
consider tunneling through a potential step with one or t
potential wells as in Fig. 1. The step models the vacu
between an STM tip and a metal substrate, and the w
~with bound states! represent an adsorbate molecule. Seco
tunneling is considered in a more general and formal way
inspecting the Lippmann-Schwinger equation and the rela
equations for the tunneling current. We will see that the t
approaches are useful in considering interference betw
wave functions for different tunneling channels. In additio
they give an insight into the physical significance of the r
and imaginary parts of the adsorbate Green’s function,
they explain why the local density of states does not alw

FIG. 1. The tunneling models used in this article.~a! A sche-
matic construction of the tip-adsorbate-substrate system, and
sible tunneling routes.V denotes the hopping integrals between d
ferent subsystems andG denotes the Green’s function.~b! The
potential step model for tunneling through a molecule.
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correlate with the contrast of the STM image.
The basic model for both cases is given in Fig. 1~a!,

which shows the TA and TS routes for tunneling. If the a
plitudes of the two waves are of the same order of mag
tude, it is the phase difference which determines the to
amplitude of the scattering wave and thus the magnitude
the tunneling current. Figure 1~b! shows the potential barrie
model, where there is a single or double well to model
adsorbate molecule. The incoming electron is modeled a
plane wavec i5exp(ikx), the reflected wave isc r5R exp
(2ikx), and the transmitted wave isc t5T exp(ikx) ~this
model can be found in elementary books on quantum m
chanics, such as Ref. 9!. The transmission coefficientT can
be written in a complex polar form

T5uTueiw,

and the tunneling current is proportional touTu2. If we adapt
a denotionws andwa for the TS and TA phases, respective
the phase difference for the two channels isDw5wa2ws
and the total tunneling current isj }uTa1Tsu2.

The current density for a single well shows a high peak
the neighborhood of the eigenenergy of the single well. I
seen that there is no phase difference,Dw, between the
through-space and through-molecule waves below the r
nance, but there is a half wavelength difference above
resonance. In very simplistic terms, this phase change ca
explained by the fact that a resonance level corresponds t
energy where the width of well is a multiple of half a wav
length. This causes a change of sign for the wave func
when crossing over a resonance. Thus, for a well with o
one single resonance, the TS and TA waves should wea
each other at energies above the resonant level. Howeve
the very neighborhood of the resonance, TA tunneling is
dominant that the interference effect should be quite ne
gible. But further away from the resonance, the amplitud
of the two channels match better, and interference sho
weaken the total current.

A double well was used to model a diatomic molecu
standing perpendicular to the surface. In the case of a do
well, there is a finite gap between the two molecular ene
levels. In this case, there are two maxima of the curr
density in the neighborhood of the resonant states~see Fig.
2!. Below the lower resonance, there is no phase differe
between the two channels, andDw approaches 2p above the
upper resonance. At the energies between the resonance
phase difference isDw'p. This result suggests that thi
one-dimensional model does not predict any change of c
trast at energies within the gap. Also, the phase shifts at
molecular energy levels suggest that the change in contra
only possible when the energy of the tunneling electrons
varied in the neighborhood of resonances.

This model is, however, a one-dimensional barrier mod
A more realistic approach can be reached with Gree
function methods. We can formulate the effect of the ads
bate to the wave function of a tunneling electron in the fo
of the Lippmann-Schwinger equation,10

uc1&5uf&1G1Vuf&5uf&1G0Tuf&, ~1!

s-
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wheref refers to the unperturbed wave,c1 to the wave in
the presence of the adsorbate,G0 is the Green’s function for
the unconnected system,G1 is the retarded Green’s functio
~in the presence of the adsorbate!, V is the perturbation po-
tential due to the adsorbate, andT is the transition operato
between the tip and the substrate. Dyson’s equation conn
the Green’s function of an unperturbed system,G0, and of a
perturbed systemG1 ~see, e.g., Ref. 10!:

G15G01G0VG1.

Applying Dyson’s equation to the Lippmann-Schwing
equation, we see that the retarded Green’s function is rel
to the transition matrix by

T5V1VG1V. ~2!

Denoting the orbitals of the tip with indext and the orbit-
als of the substrate with indexs, we obtain a formula for the
tunneling current which is independently suggested
Todorovet al.3 and Pendryet al.:4

j 5
2pe

\ E @ f ~E!2 f ~E1eVb!#

3Tr@rs8s
0

~E!Tst~E!r tt8
0

~E!Tts8
†

~E!#dE, ~3!

wherer0 is the density-of-states matrix for the nonintera
ing system~without adsorbate!, andT is the transition matrix
between the eigenstates of the tip and the eigenstates o
substrate. The presence of the adsorbate is taken into acc
in the transition matrix,

Tst5Vst1VsaGab
1 Vbt , ~4!

whereV is the matrix for hopping integrals of tip-adsorbat
substrate interactions. From the formula above, one can
rive a differential conductance3 ~see also, e.g., Ref. 11 for th
Landauer-Bu¨ttiker formula!

s}TstTts
† rs~r ,E!,

FIG. 2. The energy-dependent phase difference between TA
TS waves for the potential step model with a double well~solid
line!. The dash-dotted line indicates the current density throug
double well~in arbitrary units!.
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which is not simply proportional to the LDOS, since theT
matrix is strongly dependent on the chemical composition
the sample and thus on the position of the tip.

The real and imaginary parts of the Green’s function
the T matrix @Eq. ~4!# reveal some information about th
nature of tunneling and current flow. Generally, the Gree
function presents a response function to an external pe
bation. The real and imaginary parts of a response func
are related to fluctuation of a physical observable and po
dissipation, respectively.12 In this special case of the Green
function, dissipation is related toa transitionbetween eigen-
states of the system, since the imaginary part of the Gre
function gives the eigenspectrum. Fluctuation, on the ot
hand, is a manifestation of a nonstationary wave or an e
nescent solution to the time-dependent Schro¨dinger equation.
Thus, a purely nonimaginary Green’s function appears in
case of tunneling through a forbidden band of the spectr
where the tunneling electron sees the molecule effectivel
a potential barrier.

If we consider tunneling from the tip to the substrate, w
need a Green’s function connecting the adsorbate and
substrate. If there is weak coupling between the two syste
the first-order approximation of Dyson’s equation gives
good starting point for the analysis:

Gsa
1 'Gss

0 VsaGaa
0 ,

where we assume that the adsorbate~a! is completely dis-
connected from the substrate~s! in the case of the unper
turbed system. Thus, if we are to model tunneling from
tip to the substrate, we can investigate the behavior of s
combinations as@see Fig. 1~a!#

Gsa
1 Vatuf t&'Gss

0 VsaGaa
0 Vatuf t&.

In a tight-binding basis, the matrix elements of the pertur
tion potentialV depend on distance and orientation of t
molecule but are constant in energy. We may also ass
that the substrate matrix elements of the Green’s function
not change dramatically in the neighborhood of the Fe
energy. Thus, we are interested in phase changes in the
sorbate matrix elements of the Green’s functionGaa

0

5uGaa
0 ueiwaa. A change in the phasewaa is seen as a chang

in the phase of the wave function of the tunneling electr
and this may result into a change of contrast of a molecul
an STM image.

We can start constructing the total Green’s function fro
a Green’s function of a single atom with one valence le
Ea ,

Gaa
0 5

1

E2Ea1 ih
5

exp~ iwaa!

A~E2Ea!21h2
, ~5!

wherewaa5arctan@2h/(E2Ea)# is the phase of the Green’
function. It is easy to see that the absolute value of
Green’s function is essentially nonzero only in the neighb
hood of the eigenstateE5Ea and the parameterh deter-
mines the width of the resonance. Furthermore, the ph
changes fromwaa5p via waa52p/2 to waa50 as one goes
from energies below the resonance to energies above

nd

a

1-3



se
v

.,
o
ng
lts
d

th
-

.
el
be

tip
d
r

f
pi
e
a
e

ot
in

n’s
ra
o
e
o
e
f
-

-

gh
a
ay
are

ch

lar
not
te
es

be
by
tip
te-
is

ith

tip

the

ite

. It
nds

es
f the
site.

the
.

in
fects
r of
is:

en-

he
ng
oun-

rm
tip-

the

ts

a
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resonance. Thus, there is a sudden reversal of the pha
the wave function of a tunneling electron. Since we ha
implicitly assumed ans-orbital model, we know that the
transition matrixTsa5Vsa for the TS current is negative, i.e
there is a phase shift ofp for a TS wave. Thus, there is n
phase difference below the resonance and a half wavele
difference above the resonance. Adding up all these resu
one-to-one correspondence with the potential barrier mo
is found.

Next, we model a two-atom molecule using two atom
with one orbital each. The same on-site matrix element of
HamiltonianV115V225Ea is chosen for both the atomic or
bitals, and a hopping integralV12 between the orbitals is
used. The matrix elementsG11

0 , G22
0 , and G12

0 , and their
phases can be calculated, e.g., using Dyson’s equation
Fig. 3 one can see that the diagonal and off-diagonal
ments of the Green’s function have somewhat different
haviors. Now, we should start withG12

0 which is required
when we consider tunneling going through a route
→atom 1→atom 2→substrate. This might be a simplifie
model for an adsorbate molecule standing perpendicula
the substrate surface, such as CO.13 In fact, CO is hetero-
nuclear and also should be modeled with a basis set o
least eight orbitals. Nevertheless, the same idea of hop
through the two atoms applies for the molecule. To mak
comparison to the barrier model, this is essentially the c
of the potential barrier with two potential wells, which w
considered earlier. Two resonant maxima are found, now
energiesEa6V12, and two phase reversals take place, b
at the resonances just as in the case of the double well
potential barrier.

This result for the off-diagonal elements of the Gree
function indicates that there may be a change in cont
when crossing over a resonant state, but it does not enc
age finding a change in contrast within a gap betwe
HOMO and LUMO states. However, considering the diag
nal elements of the Green’s function of the molecule giv
quite a different result. Figure 3 shows that the phase o
diagonal elementG11

0 5G22
0 is reversed not only at the reso

nances but alsoin the middle of the gapbetween the eigen

FIG. 3. The energy-dependent phases of the matrix elemen
the Green’s function for a two-atom molecule withs orbitals ~a!
gives the phase for a diagonal element of the Green’s function,
~b! for an off-diagonal matrix element. The parameterb is the hop-
ping integral between thes orbitals.
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levels of the molecule. Thus, if tunneling takes place throu
a route tip→atom 1→substrate, a sudden change from
constructive interference to a destructive interference m
take place as states at different sides of the Fermi energy
probed. This tunneling channel is likely for a molecule whi
lies parallel to the surface, such as O2.14 On the other hand,
this might be a possible channel also for a perpendicu
adsorbate especially when STM is probing the positions
at the molecule but in its neighborhood. This kind of rou
gives a potential explanation for dark halos in STM imag
around a molecule such as O2 ~parallel! ~Ref. 14! and CO
~perpendicular! ~Ref. 13!.

III. TODOROV-PENDRY APPROACH
AND THE QUALITATIVE ANALYSIS BY SAUTET

The Todorov-Pendry Green’s-function approach can
rather directly compared to the qualitative approach
Sautet.8 In Sautet’s approach, the substrate and the STM
are described by two semi-infinite chains. The hopping in
gral for direct coupling between the tip and the substrate
denoted byg. The adsorbate is modeled with an atom w
resonant states at energiesv i , and the hopping integrals
from the corresponding orbitals to the substrate and the
are denoted bya i andb i , respectively.

From these ingredients an effective coupling between
tip and the substrate can be constructed:

G5g1(
a ib i

Ef2v i
.

In addition, the energy level of the orbital at the surface s
of the adsorbate is shifted as

e* 5e1(
a i

2

Ef2v i
,

wheree is the unperturbed energy level of the surface site
can be shown that there are three major qualitative tre
that can be seen from these formulas:

~i! The shift in the energy of the surface site diminish
the density of states of the surface at the resonant state o
adsorbate, and this decreases the current to the substrate

~ii ! If the adsorbate has a resonance in the vicinity of
Fermi energy, there is a large and dominating TA current

~iii ! The signs ofa, b, and Ef2v as compared to the
sign of g determine whether the TS and TA currents are
the same or the opposite phase. Thus, the interference ef
are important if TS and TA currents are of the same orde
magnitude. There are two factors which may lead to th
either the tip may be in such a position thatb has a suitable
value, or the nearest resonance is so far from the Fermi
ergy that the TA current is moderate.

The formulas given by Sautet have similarities to t
present Green’s-function formalism. The effective coupli
between the tip and the substrate seems to be a direct c
terpart to the equation for the transition matrix of Eq.~4!.
The first term is clearly the direct tip-substrate coupling te
g, and the second term is a sum over products of
adsorbate and substrate-adsorbate hopping integrals with

of
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adsorbate Green’s-function terms. However, there seem t
two main differences. First, theG-term contains the unper
turbed adsorbate Green’s function, whereas Eq.~4! contains
the Green’s function for the connected system. Second, t
is the density of states for the unperturbed surface in
Todorov-Pendry formula Eq.~3!, whereas Sautet deals with
perturbed surface site. Thus, if the two approaches
equivalent, they seem to have different regrouping of ter

The division into TS and TA currents becomes mo
transparent in the Todorov-Pendry formula if the transit
matrix T is written in terms of the hopping integralsV. Let us
extract the terms

Tts
TS5Vts1VtsGsa

1 Vas5Vts~11Gsa
1 Vas!.

Note that the inner indices are summed over all the orbi
of either the substrate or the adsorbate. Then recall tha
local density of states can be written3

rss8
0

52
1

p
Im~Gss8

0
!5

h

p
Gss9

01Gs9s8
02 .

From these equations, we can readily see that

Tts
TSrss8

0 Tst
TS†5

h

p
Vts~11Gsa

1 Vas!Gss9
01Gs9s8

02
~11VsaGas

2 !Vst .

Utilizing Dyson’s equation the last form becomes

Tts
TSrss8

0 Tst
TS†5

h

p
VtsGss9

1 Gs9s
2 Vst5Vtsrss8Vst

† ,

which corresponds to the TS current in Sautet’s formu
where the hopping of electrons takes place atperturbed
states of the substrate. Thus, we can attributeTTS to through-
space tunneling andT2TTS to through-adsorbate tunneling

Correspondingly, the same kind of analysis can be don
the TA current. If we define

Tts
TA5VtaGab

1 Vbs

following the same train of thought as in the case of the
current, we obtain

Tts
TArss8

0 Tst
TA†5

h

p
~VtaGab

1 VbsGss9
01

!~Gs9s8
02 VsbGba

2 Vat!.

But according to Dyson’s equation, the order of the unp
turbed and perturbed Green’s functions can be changed,
thus we obtain

Tts
TArss8

0 Tst
TA†5

h

p
~VtaGab

01VbsGss9
1

!~Gs9s8
2 VsbGba

02Vat!

5~VtaGab
01Vbsrss8Vs8bGba

02Vat!.

And for the cross terms, which in fact belong to throug
adsorbate terms, we obtain

Tts
TArss8

0 Tst
TS†5~VtaGab

01Vbsrss8Vs8t!.

Thus, the current can be entirely described in terms of p
turbed substrate and unperturbed adsorbate and tip.
16542
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We can also analyze whether the Green’s-function
proach supports the proposition that the adsorbate decre
the local density of states at the substrate, and thus the
current. For that we can utilize Dyson’s equation, again
order to compareGss

0 andGss. The relation between the two
is

Gss5Gss
0 1Gss

0 VsaGas ,

sinceVss50. In addition,

Gas5Gaa
0 VasGss'Gaa

0 VasGss
0 ,

sinceGas
0 50. Thus, we can express the variation of the su

strate Green’s functiondGss in terms of the unperturbed
Green’s functions and the hopping integrals:

dGss5Gss
0 VsaGaa

0 VasGss
0 5Gaa

0 uVasu2~Gss
0 !2.

This equation, as such, does not directly show the sign of
change of the local density of states. However, if we assu
a chain model for the substrate, it is well known that t
Green’s function can be written in a form15

Gss
0 ~E!5b21 exp~ iu!,

cos~u!5
E2a

2b
,

wherea is the middle of the band, and 4b is the width of the
band. In addition, it can be seen from Eq.~5! that the phase
of the adsorbate Green’s function isw52p/2 at the reso-
nance. Thus, we can write

dGss5
uVasu2

b2A~E2Ea!21h2
exp@ i ~w12u!#

and

drss52
1

p
Im~dGss!5

2uVasu2

b2pA~E2Ea!21h2
sin~w12u!.

~6!

Let us look at the variation at the resonance, where the
solute contribution is largest. In the middle of the band
havew12u'p/2, and thus sin(w12u)51 anddr,0. On
the other hand, at each end of the bandw12u'2p/2, and
thus sin(w12u)521 anddr.0. Thus, we can conclude tha
the assumption of a decreasing density of states is cor
near the middle of the band, but it fails with increasing i
tensity the closer the resonance is to the edges of the ba

This analysis is, in fact, not restricted to the linear-cha
model. A general equation for the change of the LDOS h
the same form as Eq.~6!, but the modulus of the change ha
a different energy dependence. It is also clear that in
middle of the band, where the imaginary part of the substr
Green’s function is large and the real part is small, the an
2u'6p, and thus an adsorbate resonance, causes a
crease in the LDOS. In the opposite case, where the real
is relatively large,u is either 0 orp, and thus 2u'2p.
1-5
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Thus, the change in the LDOS is positive. This kind of si
ation takes place outside of or close to the edges of the b

We have verified these conditions for an fcc~111! surface
with an adsorbate at top and hollow sites. We did not o
make the calculations with a hydrogenlike atom with ons
orbital, but found the same phenomenon for an atom w
ones and threep orbitals. In Fig. 4 we show the change
the LDOS in the presence of an adsorbate on a top site,
the similar behavior is seen for the hollow site. For bo
adsorption sites, the resonant state of an adsorbate decr
the LDOS of the substrate more clearly the closer the sta
to the middle of the band. Near the edges of the band
adsorbate causes an extra peak to the LDOS. It shoul
noticed, however, that the total number of electron sta
must be conserved, and thus a drop at some energy mu
compensated by a peak somewhere else, and vice v
which can also be seen in Fig. 4. One should be able
verify this by changing the substrate material. If one use
substrate where the adsorbate has a resonant state
close to the middle of thesp band, it should cause a drop i
the LDOS which, obviously, should be seen as a halo aro
the adsorbate, since the resonant state itself strongly
creases the TA current. On the other hand, if the reson
state is relatively close to the edge of the band, there sh
be an increase in the LDOS of the substrate, which sho
emphasize the surroundings of the adsorbate.

IV. AN EXAMPLE: O 2 ON Ag„100…

In the following, we consider an experimental case of2
molecules on an Ag~100! surface, where a change from da
STM images of a molecular adsorbate turns bright as the
voltage is changed from positive to negative. We attemp
analyze the contrast change theoretically by considering
relevant tunneling channels and matrix elements of
Green’s function within the adsorbate, and between the

FIG. 4. LDOS of a metal atom on a clean fcc~111! surface~solid
lines! and with an adsorbate atom on top~dashed lines!. The adsor-
bate atom has ones orbital overlapping with the substrate wav
function. The on-site energy of the adsorbate atom, marked
vertical lines, is varied with respect to the Fermi energy at 0 eV
16542
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sorbate and the substrate. It is confirmed by a molecu
dynamics simulation that a single molecule tends to adsor
a fourfold hollow site pointing towards the@110# direction.16

In the theoretical analysis, we assume that the molecule
not interfere with each other’s electronic structure, so that
can consider a single molecule, only.

In the theoretical calculations, we model the substrate
slab of six layers with 32 atoms at each layer. The mic
scope tip is a five-atom pyramid at the bottom of the sl
and the molecule is situated on the top of the slab, as sh
in Fig. 5. Thus, the slab acts simultaneously as a subst
and a tip holder. Lees-Edwards periodic bounda
conditions17,18 are utilized to model the horizontal motion o
the microscope tip, and the tunneling current is calcula
across the simulation of the cell boundary. The image ca
lation simulates the constant current mode, which is ma
tained by controlling the height of the simulation cell. W
use the method described in Ref. 19 to calculate the rele
elements of the Green’s function of the tip-adsorba
substrate system. The matrix elements of the substrates or-
bitals are approximated to the fourth moment~see also Ref.
20!.

In the experimental image~Fig. 6!, we can see a group o
O2 molecules adsorbed on the silver surface~see the experi-
mental details in Ref. 16!. At a negative bias voltageU5
21.06 V, the molecules can be seen as bright elliptical p

th

FIG. 5. A real-space image for the proposed adsorption site
an O2 molecule on Ag~100!.

FIG. 6. Two experimental STM images of a cluster of O2 mol-
ecules on an Ag~100! surface. On the left, the bias voltage
11.06 V, and on the right, the bias voltage is21.06 V.
1-6
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FIG. 7. Calculated STM images for differen
bias voltages:U521.00 V ~a!, U520.50 V
~b!, U510.50 V ~c!, andU511.00 V ~d!.
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terns on the gray background. As the bias voltage is reve
to U511.06 V the contrast is changed so that the layer
the molecules is seen as a dark area. The new image is
however, a right negative image of the original. Rather
seems that while the molecules themselves become ra
invisible from the background, it is the surface between
molecules that is seen as darkest. This suggests that
might be destructive interference between tunneling wave
the molecule and the surface area between the molecule

In our calculations, we find a rather narrow energy ran
for a contrast change. We start from21.0 V, where the mol-
ecule is seen as a bright protrusion, quite like the exp
ments. A dramatic change of the image is found betwe
20.5 V and10.5 V from a bright elliptical pattern to a dar
pattern and then towards a brighter pattern again. In Fig
we show a set of calculated images for a single molec
where this contrast change is seen. In the bias voltages
11.0 V we find, in fact, that the surroundings of the mo
ecule have a dark contrast in comparison with the molec
and the surface. This matches quite well the experime
images, where the molecules are seen as rather light
spots surrounded by a darker area. Obviously, lots of de
of the LDOS are lost in our approximations, and thus
exact match with experimental results cannot be expected
addition, the structure and the distance of the tip affect
image. Despite these shortcomings, we find a very c
qualitative accordance with the experiment, in this spe
case.

In order to make a simplified analysis of tunneling for th
case, we have to consider how the molecular orbitals beh
16542
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in the adsorption. It is obvious that there is a strong over
between one of thep orbitals of O2 with the substrate, and
this evidently breaks up the degeneracy of thep orbitals.
Thus, it is obvious that thepz orbitals perpendicular to the
surface are rather independent from each other for the
sorbed molecule. Because they extend rather far from
nucleus of the atom towards the vacuum, they are ma
responsible for the TA current. The relevant elements of
Green’s function are the diagonal elementsGzz and the off-
diagonal elements between the molecule~z! and the substrate
(s), Gsz .

One must be careful in analyzing the phase differen
between different tunneling channels, since the phase of
Green’s function does not directly give the phase differen
Dw between the specific channel and the direct TS chan
Rather, one must compare the phases of the direct TS
Vts of the transition matrix and those of terms such
VtaGaaVas . In the present calculations, direct tunneling a
ways has the phasep since the hopping integralVts is nega-
tive (2). In the case of TA tunneling through thepz orbital,
we consider a combinationVtzGzzVzs. First, the hopping
integralVtz is negative, sincepz has a positive upward lobe
Second, the hopping integralVzs is positive due to the nega
tive lobe of thepz orbital. Thus, the total phase differenc
Dw to the direct TS component is the phase ofGzz @see Fig.
8~a!#. In the case of TS tunneling through thepz , we must
consider a termVtsGszVzs. The phase of the hopping inte
gral between the tip and the substrate,Vts , is negative. Then
againVzs is positive, and thus it is the Green’s functionGsz
1-7
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which directly determines the phase difference,Dw @see Fig.
8~b!#. Therefore, for both tunneling channels the phase of
Green’s function directly determines the nature of the int
ference between the channels and the direct TS tunnelin

Figure 8 shows two important features for these ma
elements. First, both matrix elements of the Green’s func
change from zero phase difference to nonzero phase di
ence when changing from energies above the Fermi en
~negative bias voltages! to energies below the Fermi energ
~positive bias voltages!. Second, the absolute value of bo
elements of the Green’s function is decreasing from ab
1.0 eV towards21.0 eV, i.e., from bias voltage21.0 V
towards11.0 V. In the case ofGsz , the phase change i
almost complete from zero top, whereas the phase chang

FIG. 8. The phase difference,Dw, between a chosen tunnelin
channel and the direct TS channel, and the absolute value,G, of the
corresponding matrix element of the Green’s function. The fig
showsDw andG related to the diagonal element,Gzz, of an oxygen
pz orbital ~a!, and the off-diagonal element,Gsz , between thepz

orbital and thes orbital of a neighboring silver atom~b!. The Fermi
energy is at 0 eV.
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of Gzz is much more moderate. Obviously, this is consist
with the fact that the molecules themselves do not app
dark at11.0 V. Rather, it is the substrate around the m
ecule where there are factors in opposite phases at pos
voltages. This effect is still seen in calculations at11.5 V
where the molecule itself is again rather bright but the s
rounding is dark. Unfortunately, such a high bias volta
tends to destroy the molecular clusters, and thus this be
ior cannot be confirmed experimentally. To conclude, the c
culated images are in accord with the experimental ones,
the contribution of different tunneling channels to the co
trast change can be relevantly traced and analyzed by
sidering the matrix elements of the Green’s function.

V. CONCLUSIONS AND DISCUSSION

There are two main objectives for the present study. Fi
we have demonstrated that different methods to model
neling can be mapped to each other. Second, we point
factors that affect the contrast of an adsorbate molecule o
solid surface. When discussing the generic models,
showed that an easily conceivable potential barrier mode
consistent with a more abstract scattering method, whic
constructed in terms of the Green’s functions and is based
the Lippmann-Schwinger equation. The scattering metho
the theoretical basis for the Todorov-Pendry approach wh
is applied in the example system of this paper. It has b
shown in Refs. 3 and 4 that the Todorov-Pendry approac
a generalization to models where the change in bias volt
is treated in the framework of linear-response theory. In
present study, we also demonstrate a close connection
tween the Todorov-Pendry approach and the analysis
Sautet.8

A few general conclusions can be drawn from the pot
tial barrier and the Green’s-function approaches. First, th
is a strong current through an unoccupied resonant state.
produces a bright STM image of the adsorbate. Second,
neling above a resonance makes a phase shift ofp as com-
pared to tunneling below a resonance. Further off the re
nance in terms of energy, the amplitude of the tunnel
wave function is small, and the adsorbate is seen as a po
tial barrier. However, a phase shift may cause a destruc
interference, which means a dark STM image. Third, in
gap between resonant levels, there is no phase change
one-dimensional model. However, the Green’s-function f
malism for a diatomic molecule reveals that the diagonal a
off-diagonal elements of Green’s functions have a differ
phase behavior in the gap. Thus, the final contrast may
pend on, e.g., the position of the tip with respect to the
sorbate.

Unfortunately, a general theory for the contrast chan
cannot be derived in very simple terms, since the relat
amplitudes of transmission through different tunneling ch
nels depends on the details of the electronic structure. T
for real adsorbate-substrate systems a more complete c
lation of tunneling currents must be done. Nevertheless,
kind of simple analysis makes it easier to interpret bo

e
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experimental and theoretical STM images. This has b
demonstrated by applying the Todorov-Pendry approach
oxygen on silver, and drawing conclusions from the behav
of the Green’s function of the system and the phase factor
different tunneling routes.
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