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Influence of the tip-induced electric field on the STM contrast of chemisorbed C2H4
on the Si„001… surface

H. Ness and A. J. Fisher
Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, United Kingdom

~Received 2 October 1996; revised manuscript received 9 December 1996!

We present a first-principles calculation for the Si~001! surface on which ethylene molecules~C2H4) are
adsorbed. The calculations apply the recently developed projector-augmented-wave method together with the
Car-Parrinello scheme to determine the ground-state atomic and electronic structures. It is shown that the
scanning tunneling microscopy~STM! contrast observed experimentally for this surface cannot be understood
by considering only the surface wave functions obtained in zero electric field. The tip-induced electric field
strongly modifies the surface electronic structure. A detailed study of the polarization of the Si~001! surface
with and without adsorbed C2H4 molecules is presented. Given the direction of the electric field, the electronic
charge is ‘‘pulled out’’ from the surface into the vacuum. The response of the electronic states to the electric
field is greater above the clean silicon dimers than above the molecules. Constant-current STM scans are
obtained from a nonperturbative approach to the calculation of the tunneling current. In the presence of the
tip-induced electric field, the resulting STM contrast is found to be in qualitative agreement with the experi-
ments.@S0163-1829~97!08615-3#
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I. INTRODUCTION

Scanning tunneling microscopy~STM! ~Ref. 1! is now a
well-established tool for probing conducting surfaces and
taining real-space images of such surfaces at the ato
scale. A number of studies have been performed on sili
surfaces and more especially on the reconstruction of
Si~001! surface.2 Futhermore there have been a number
studies concerning the interaction of small organic molecu
~such as acetylene, ethylene, propylene! with silicon sur-
faces. Such studies are important for the understanding o
adsorption mechanisms as well as for practical applicati
~e.g., silicon carbide films obtained by chemical vapor de
sition!. For example, a recent study performed by May
et al. concerns the chemisorption of ethylene~C2H4) on the
Si~001! (231) surface.3 STM images of both the filled and
empty states have been obtained. A detailed analysis of t
images led to the identification of the surface dimers,
adsorbed molecules and other surface defects.4 In particular,
it was shown that the C2H4 molecules appear slightly darke
than the clean silicon dimers when tunneling out of the s
face ~e.g., in the STM images corresponding to the surfa
filled states!. At first sight the fact that the molecules depo
ited on the Si~001! (231) surface appear darker than th
bare dimers themselves is surprising.

However it is now well recognized that STM images a
influenced not only by the atomic structure at the surface,
also by the atomic and electronic structure of the whole t
neling junction~i.e., the sample surface, the adsorbates if a
are present, and the tip!. In principle the tunneling curren
between the tip and the sample is dependent on the i
vidual electronic structure of both the tip and the surface
also on the tip-sample interaction, in the sense that the p
ence of the tip close to the surface should modify the e
tronic structure of both systems. Several authors h
pointed out that when the tip and the sample interact stron
550163-1829/97/55~15!/10081~13!/$10.00
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~i.e., when the tip is sufficiently close to the surface to fo
a kind of bonding with it!, the electronic and atomic struc
tures of both the tip and the surface can be highly distort
This can lead to images which cannot be understood in
context of the Tersoff-Hamann approximation.5 For ex-
ample, Doyenet al. have shown that such a strong tip
sample interaction can lead to contrast inversion in ST
images of metallic surfaces.6 It should also be noticed tha
there is another class of problems for which the STM ima
cannot always be described within the Tersoff-Hamann
proximation. This is when the tip-sample current tunnels
some particular adsorbed species on the sample surfac
for example in Ref. 7.

However, even when the tip-sample distances are s
that the tip-sample bonding is small, some other effects h
a crucial role. For example, the tip-induced electric fie
long ranged as compared to the tip-sample bonding, m
have a non-negligible influence on the electronic structure
the sample surface. This is especially so on semiconduc
for which a finite bias has to be applied before any tunnel
can take place. The influence of an external electric field
the electronic structure of surfaces has already been stu
by a number of workers. For example, Lam and Needs h
studied the screening of electric fields at the Al~111! and
Al ~001! surfaces,8 Neugebauer and Scheffler have inves
gated the adsorption-desorption of alkali~Na,K! atoms on
the Al~111! surface,9 Huanget al. have analyzed the elec
tronic charge polarization of the Si~001! surface due to the
tip-induced electric field,10 and more recently, Hirose an
Tsukada have developed a model to study a STM-like ju
tion under strong field and current. They applied this mo
to treat atom extraction in a Na/Vacuum/Na junction11 and to
study the current distribution and the barrier height betwe
an aluminium tip and a silicon surface.12

In the present work, we study the influence of the elec
field for different reasons: we wish to understand in whi
conditions the tip-induced electric field can influence t
10 081 © 1997 The American Physical Society
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10 082 55H. NESS AND A. J. FISHER
STM contrast, and in particular why C2H4 molecules appea
dark on the Si~001! surface. In order to understand such e
fects, we investigate the system in this paper usingab initio
total energy and electronic structure calculations. A brief
port on part of this work has already been submitted
publication.13

The paper is organized as follows. In Sec. II, theab initio
method we use is presented in more detail, and the geom
of the system is described. The results obtained for the b
Si~001! surfaces and for the adsorption of the ethylene m
ecule are described in Sec. III. Preliminary STM calculatio
are also presented in this section. In Sec. IV, we will see
necessity of including the effects of the tip-induced elec
field on the surface wave functions in order to understand
STM contrast mentioned previously. The modifications
the total energy method implied by the presence of the e
tric field are also shown in this section. Sections IVB a
IVC summarize the results obtained for the clean Si~001!
surface and the surface on which ethylene molecules are
posited. STM images consistent with the experimental
sults are present in Sec. IVD. Finally we summarize
most significant results we have obtained~Sec. V!. Addition-
ally, in the appendix we clarify the relationship between t
present calculations and the macroscopic electrostatics
dielectric slab in periodic boundary conditions.

II. METHOD

In this study, we use the all-electron projector-augment
wave ~PAW! method recently developed by Blo¨chl.14 This
method goes beyond the pseudopotential method by usin
augmented-plane-wave basis set which includes explic
the difference between the true~all-electron! and pseudo-
wave functions. The total all-electron wave functionuC& is
taken to be equal to the smooth pseudowave functionuC̃&
expanded in plane waves plus a one-center correction te

uC&5uC̃&1(
i ,R

~ uf i
R&2uf̃ i

R&)^ p̃i
RuC̃&. ~1!

The correction term is the sum of the difference betwe
localized partial wave functionsuf i

R& ~including the nodal
structure of the full wave function, also called all-electr
partial waves! and partial wave functionsuf̃ j

R& correspond-
ing to the nodeless pseudowave functions~pseudopartial
waves!. The sum is performed over atomic sitesR and an
index i representing the angular momentum values of
partial wave functions. Note that it is possible to have m
than one partial wave function for the same angular mom
tum. The partial wave functionsuf i

R& anduf̃ j
R& are supposed

to represent a complete expansion, within an augmenta
sphere centered at the atomic siteR, of the full uC& and
pseudowaveuC̃& functions respectively. The all-electron an
pseudopartial waves coincide outside the augmentation
gion. Each individual term in the correction sum is weight
by the scalar product of the corresponding projector funct
u p̃i

R& and the pseudowave function. The projector functio
are constructed so as to be orthonormal~with respect to the
indexesi andR) to the corresponding pseudopartial wave

^ p̃i
Ruf̃ j

R8&5d i j
RR8 . ~2!
-
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The use of local projectors permits one to obtain a gene
ized separable form for the nonlocal potentials.15 This ap-
proach is similar in some ways to the separable non-no
conserving pseudopotentials introduced by Vanderbilt,16,17

but contains additional freedom for the atomic potential
adapt to the environment of the atom.

The calculations are carried out in the framework of t
local density approximation18 to density functional theory19

using the Perdew and Zunger20 parametrization of the
exchange-correlation energy obtained by Ceperley
Alder.21 We use two projectors for the silicon atom as w
as for the carbon atom corresponding tos andp states~with
an augmentation radiusr c of 0.50 a.u. for the silicon and
0.186 a.u. for the carbon! and one projector for the hydroge
atom ~with an r c of 0.186 a.u.!. The method of calculating
the projectors and partial wave functions is described in S
VI of Ref. 14. Note that all the projectors used in this wo
are norm conserving. Finally, the ground-state atomic a
electronic configurations for the system are obtained via
Car-Parrinello method.22 It should be noticed that, for such
method, the use of a separable form for the nonlocal po
tial is essential to reduce the computational effort.

The calculations are performed in a superc
(14.51314.51341.04 a.u.! containing 40 atoms~46 in the
presence of adsorbed ethylene!. We use the experimental cu
bic lattice constant of 5.43 Å. The 32 silicon atoms form
eight-layer slab with four atoms in each layer. Consequen
the corresponding vacuum gap between the periodic ima
of the silicon slab is approximately 11.6 Å. This is larg
enough to include an adsorbed ethylene molecule on the
face without introducing significant interactions betwe
slabs in the total energy calculations.

The bottom silicon layer is fixed to the correspondi
bulk atomic positions and each Si dangling bond is satura
with a hydrogen atom. We are able to study those Si~001!
reconstructions which are commensurate with our superc
in the present case, these are the (231) symmetric and
buckled ~or asymmetric! dimers and thep(232) buckled
dimer patterns. It is well known that other surface reco
structions, with larger periodicity, have been observed
STM.2 However, we do not consider them in the prese
study because~i! the short-period reconstructions are su
posed to be among the energetically most stable ato
configurations23 and~ii ! the interaction between the adsorb
molecule and the surface is very localized, so the long-ra
order in the reconstruction is not expected to be importa

In order to test the convergence of the calculations,
have used different values for the plane-wave cutoff ene
ranging from 8 to 25 Ry and sampled the correspond
Brillouin zone with one or fourk points@theG point or four
k points from the irreducible part of the surface Brillou
zone:ki5(0,0),(p/a,0),(0,p/b),(p/a,p/b)#, wherea and
b are the supercell sizes in the surface plane. The hig
plane-wave cutoff energy~25 Ry! is more especially used fo
the calculations in the presence of the ethylene molec
This value is needed to be able to describe well the sh
strong C-C bond in the molecule.

III. RESULTS

In this section we present the results we have obtained
the bare silicon surface and for the adsorption of ethyle
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FIG. 1. ~a! dimer formation energy~energy
difference between the reconstructed and un
constructed surface! and ~b! ‘‘buckling’’ energy
~energy difference between the asymmetric dim
and symmetric dimer configurations! versus the
plane-wave energy cut offEcut . The open sym-
bols were obtained with theG point only, and the
filled symbols with fourk points parallel to the
surface.
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molecules on the Si~001! surface. Finally from the electroni
structure of the relaxed C2H4-Si~001! system, we derive a
STM calculation in order to understand the experimental
servations.

A. The bare Si„001… surface

Our purpose is neither to perform a complete and deta
analysis of all the possible Si~001! surface reconstructions
nor to settle the controversy about the relative stability of
the different Si~001! dimer configurations. We consider on
three different dimer configurations: the (231) symmetric
and asymmetric dimers and thep(232) asymmetric dimers
The two latter asymmetric configurations are the most co
monly observed by STM even though thec(432) configu-
ration has been also observed.2 However it has been recog
nized that thec(432) andp(232) are almost degenerate.23

First we determine the fully relaxed electronic and atom
structures for the three different dimer configurations us
the plane wave cutoff energyEcut58 Ry andG-point sam-
pling. The relaxation of both the electronic and atomic d
grees of freedom is obtained by introducing a damping fac
in the Car-Parrinello equations of motion. The relaxation
stopped when all components of all the forces on the ato
are smaller than 531024 Hartree/Bohr ('26 meV/Å!. Us-
ing the resulting slab geometry, calculations are perform
for higherEcut values and improvedk-point sampling. The
results for the dimer formation energy as well as for t
energy difference between asymmetric and symme
dimers are shown on Fig. 1. The asymmetric (231) and
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p(232) dimers are energetically more stable than the sy
metric (231) dimer, with slightly smaller total energy val
ues for thep(232) configuration. These results are in goo
agreement with others in the literature.23,24We have verified
that the atomic relaxation is not crucial for the energy valu
shown on Fig. 1. For example, a full relaxation of the sy
metric (231) structure, obtained forEcut512 Ry and the
same criterion on the final force values as previously, low
the total energy only by a small amount ('3.5 meV/dimer!
which is close to the limit of resolution of the prese
method. Furthermore the asymptotic limit of the energy d
ference between the asymmetric and symmetric dim
('20.10 eV/dimer! is the same as that obtained by Da
rowski and Scheffler.24 The final dimer bond lengths we ob
tained are respectively 2.21, 2.23, and 2.24 Å for the sy
metric (231), asymmetric (231), and p(232) dimers,
about midway between the single and double Si-Si bo
lengths. The values for the buckling angles are 12° a
616° for the asymmetric (231) and p(232) configura-
tions. These values are in qualitative agreement with the
erature but slightly different from those obtained by Da
rowski and Scheffler.

B. Adsorption of ethylene molecules
on the Si„001… „231… surface

The detailed calculations of the adsorption of the ethyle
molecules on the Si~001! surface have been already d
scribed elsewhere.25 Let us recall the main results that hav
been obtained. The authors consider the Si~001! surface with
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10 084 55H. NESS AND A. J. FISHER
an asymmetricp(232) dimers reconstruction and on
C2H4 molecule in the unit cell which corresponds to a co
erage rate of 50%. The fully relaxed calculations perform
for Ecut525 Ry and theG-point sampling show that the eth
ylene molecule adsorbs on top of the dimer. This situat
corresponds to the minimum total energy configurat
where the C-C bond of the molecule lies parallel to the S
dimer bond underneath as shown on Fig. 2 of Ref. 13. In
case, the hybridization of the carbon atoms changes f
sp2 ~free ethylene molecule! to sp3 with a corresponding
increase of the C-C bond length from 1.33 to 1.53 Å. A
other important point is that even although the dimer bene
the adsorbate is almost flat~buckling angle of'1°) and the
dimer bond length is larger~2.286 Å! than the Si-Si bulk
bond length, the dimer bondremains intact. The other dimer
in the unit cell is only slightly affected by the presence of t
adsorbate. It is still tilted~buckling angle of 9.6°) and the
dimer bond length is slightly increased~2.248 Å! as com-
pared to the corresponding value in absence of the adsor
Finally the calculated adsorption energy for a single ethyl
molecule ~1.57 eV! is in agreement with values deduce
from thermal desorption measurements (1.6560.07 eV!.26

C. STM imaging

In order to understand the origin of the contrast obser
in STM images of the ethylene molecules adsorbed on
Si~001! surface, STM calculations have been performed.
this, we use a nonperturbative method for calculating
tunneling current.27 This method goes beyond the Terso

FIG. 2. Constant currentj̄ scans above the surface unit ce
obtained for zero electric field. The normalizeds̄av/(2e

2/h) value
is 131024. V5(m i2m f)/e'0.9 V. The ‘‘tip-sample’’ distanceZ
is given in Å and corresponds to the position of the center of
Gaussian final state. For the definition of this distance see text~Sec.
IVC!. Note that forZ50 (Z'2.4 Å! the final state is located at th
same height as the upper atom of the clean dimer~as the hydrogen
atoms of the ethylene molecule!. The image shows that the mo
ecules appear brighter than the bare dimers.
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Hamann approximation5 and can be used with the sel
consistent potential and wave functions obtained fromab
initio calculations. In this model, the measure of the t
sample tunneling current is taken as the time-averaged
of electron transfer between two electronic states, locali
on either side of the tunneling junction. In principle, th
method can be related to scattering approaches for the
neling current developed by other authors if the initial a
final states are correct asymptotic scattering states. G
that an electron is initially in the stateu i &, the time-averaged
tunneling current into a final stateu f & is expressed as27

j̄52e
h2

h Em f

m i
dEuG̃f i~E1 ih!u2, ~3!

wherem i and m f are the electrochemical potentials of th
initial and final states respectively,h5\/2t (t being the
averaging time! and G̃f i is the Green’s function matrix ele
ment connecting the initial state to the final state. For a giv
energy the corresponding time-averaged differential cond
tance may be written as

s̄~E!5
2e2

h
h2uG̃f i~E1 ih!u2. ~4!

The factor of 2 arises from the electron spin. The advant
of the method is that the Green’s function can be determi
from the~Kohn-Sham18! single-particle eigenstatesun& of the
system whose eigenvalues areEn . Therefore the Green’s
function matrix elementG̃f i is expressed as usual by

G̃f i~E!5(
n

^ f un&^nu i &
E2En

. ~5!

In principle, theun& are the eigenstates of the supercell co
taining the surface slab, the adsorbed molecule and the
However, as a first step of calculation and in order to red
the computational time, we introduce some approximatio
First we consider only the eigenstates of the supercell c
taining the surface slab and the adsorbed molecule. H
ever, note that a part of the tip potential will be included
some of our calculations~see Sec. IVD!. The differential
conductance is calculated for a set ofNE different energies
Ea relevant for the experiments, i.e., close to the top of
valence band. Then these conductance values are sum
over the corresponding energy windowDE5m i2m f5eV to
give an approximation of the integral in Eq.~3!:
j̄5Vs̄av5V(as̄(Ea)/NE . Finally, inherent to the model
the use of localized statesu i & andu f & is essential to obtain an
expression for the tunnel current that can be used in a su
cell calculation~i.e., a system with periodic boundary cond
tions!. However, such states do not describe the asympt
scattering states obtained when the tunneling is viewed
scattering process.28,29 In order to check that our choice o
localized states does not bias the results, we perform an
coherent summation of the differential conductance ove
set of randomly localized Gaussian initial states in the s
strate. The final stateu f & is chosen to be a localized Gaussi
in the vacuum region; this state moves through space as
tip scans. The details of the method of calculation for suc
conductance, as well as an analysis of the limits and
extension of the method, will be presented elsewhere.

e
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FIG. 3. Average over the (xy) plane~parallel to the surface! of the polarization charge densityDñ versus thez coordinate for the clean
Si~001! p(232) surface.Dñ(z) is shown for different values of the tip-induced electric fieldjext: ~a! 20.002 a.u.~0.10 V/Å! dashed line,
~b! 20.004 a.u.~0.21 V/Å! dotted line,~c! 20.008 a.u.~0.41 V/Å! solid line, ~d! 20.015 a.u.~0.77 V/Å! dot-dashed line,~e! 20.020 a.u.
~1.03 V/Å! long-dashed line. Thez dependence ofVext is also represented by a solid line~reduced amplitude!. The solid vertical lines mark
the positions of the different slab layers~the extreme left one is for the hydrogen layer and the two extreme right ones are respectiv
the lower and upper Si atoms of the dimer!.
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An example of an STM image obtained from this meth
for the C2H4 deposited on the Si~001! surface is shown on
Fig. 2. These calculations reveal that, for the chosen cons
current value, the ethylene molecules appear higher than
bare dimers themselves. Constant-currentj̄ scans over the
molecule and the bare dimer have also been performed
different values of the conductance~see Fig. 3 in Ref. 13!. It
has been shown that the molecules always appear higher
the bare dimers which is in contradiction with the expe
mental results.

We have also verified that the electronic density of
highest occupied states~eigenstates whose energies are
cluded inside the energy windowDE for which the conduc-
tance has been calculated! is always larger above the mo
ecules than above the bare dimers~for any reasonable value
of the z coordinate above the surface!. Thus, images calcu
lated within the perturbative Tersoff-Hamann approximat
also show the molecules as higher than the dimers. In s
conditions, we are not able to interpret the observed cont
in STM images. How, then, can we understand the exp
ments?

IV. PRESENCE OF AN EXTERNAL ELECTRIC FIELD

It is well known that the presence of the tip close to t
surface can play an important role for the understanding
STM images. When the tip is very close to the surfa
strong modifications of both the tip and sample electro
nt
he
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-

e
-
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st
i-

f
,
c

structure and even of their atomic structure can occur. Ho
ever, according to the experimental observations, such st
modifications have not been reported in this system. Anot
effect arising from the presence of the tip is due to the d
ference of potential existing between the tip and the sam
This implies the existence of an electric field inside the tu
neling junction. For typical bias values~1–3 V! and esti-
mated tip-sample separations~3–6 Å!, the values of the cor-
responding electric field vary between 0.16 and 1.00 V/Å

This tip-induced electric field will polarize the surfac
Furthermore the value of the dielectric constant of silico30

(e r512.0) is larger than those of organic~alkane like! sys-
tems; for example,e r51.70 for methane, whilee r varies
from 1.33 to 1.87 for propene and from 1.90 to 2.00 f
hexane as the temperature varies.31 Consequently we expec
that the silicon surface is more polarizable than the adsor
molecules. This suggests that when an electric field is
rected towards the surface~corresponding to the situation o
tunneling out of the surface!, the electrons are ‘‘pulled out’’
into the tunneling barrier in a different way for the surfa
and the molecules. Starting from this qualitative idea we n
investigate quantitatively the effects of an electric field
the Si~001! surface with and without deposited ethylene m
ecules. The method we use and the results obtained are
scribed in the remainder of this section.

A. Method

In order to study the influence of the tip-induced elect
field on both the electronic and atomic structures of Si~001!
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10 086 55H. NESS AND A. J. FISHER
surfaces, we add into the calculations an external elec
field. As a first step of approximation, we consider a unifo
electric field lying in the direction perpendicular to the su
face. Such an approximation implies that the tip’s radius
curvature is large relative to the size of the surface c
which is not unreasonable. It should be remembered tha
electrostatic forces extend over much longer distances
the tunneling process.

The corresponding linearly varying external potent
must be made commensurate with the periodic superce
the direction perpendicular to the surface~which we take as
the z direction in what follows!. The procedure we adopt i
equivalent to adding a double layer of charges in the vacu
gap between the slab. The external potential is written a

Vext~z!5jext@z2z02a3f ~z2zc!# for 0<z<a3 , ~6!

wherejext is the value of the electric field,z0 is the position
of the zero of the external potential anda3 is the length of
the supercell along the surface normal. The functionf (z)
introduces a discontinuity in the linear potential; this is ne
essary so that the potential becomes periodic, as require
periodic supercell calculations. In their work concerni
atomic desorption in high electric fields, Neugebauer a
Scheffler used forf (z) the heavyside-step function.9 How-
ever, such a discontinuous function is not accurately
scribed by a finite Fourier series necessary to perform
calculations in reciprocal space. Hence, we have introduc
smoother function. A natural way for choosing this functi
is to use the same mathematical form as for the Fermi-D
distribution,

f ~z2zc!5
1

11eb~zc2z! . ~7!

The parameterb permits us to adjust the smoothness of t
function andzc is the position of the discontinuity in the cas
of an infinite value forb. In practice we choosez0 in the
middle of the slab andzc in the middle of the vacuum gap
Since the function f (z) is almost equal to zero whe
b(zc2z)@1, we have a uniform electric field over the r
gion of the sample slab:Vext(z)'jext(z2z0).

The presence of the external potential introduces a
tional terms in the expression for the total energy of
system,

DEext5E n~r !Vext~r !dr2(
I
ZIV

ext~RI !. ~8!

DEext is the interaction energy of the external potentialVext

with the all-electron charge densityn(r ) and with the point
chargesZI ~atomic number or charge of the nucleus of t
I th atom located atRI).

In the PAW method, the all-electron charge density
decomposed into three contributions,

n~r !5ñ~r !1n1~r !2ñ1~r !. ~9!

ñ,n1,ñ1 are the charge densities associated with the pse
wave functionsuC̃& ~plane waves!, the all-electron partial
wavesuf i

RI&, and the pseudopartial wavesuf̃ i
RI&, respectively

@cf. Eqs. ~14!–~17! of Ref. 14#. The partial waves are ex
pressed as the product of radial functions with spherical h
ic
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monics. Note that each charge density contains the contr
tion of its respective core states. The interaction energie
Vext with the different parts of the charge density are calc
lated in different ways. The interaction withñ is calculated
in reciprocal space as in standard plane-wave calculation~in
real space for the associated core charge densityñc). The
interaction with the one-center densitiesn1,ñ1 is obtained
from the spherical-harmonic representation ofVext around
each atomic siteRI ,

Vext~r2RI !5A4pjext~zI2z0!Y0,0

1A4p/3jextur2RI uY1,0~u,w!. ~10!

The generalization for any direction of the electric field
straightforward and includes terms withY1,61. This repre-
sentation ofVext is reminiscent of the expression of the pa
tial wave functionsuf& and uf̃& from which the one-cente
densities are constructed. A similar decomposition for
‘‘external’’ field can be found in Ref. 32.

Similarly, additional terms for the forces on the atom
must be included. The components of the force on a part
lar atom labeledI are obtained from the following standar
expression:

FI ,~x,y,z!52
]DEext

]RI ,~x,y,z!
52¹ I ,~x,y,z!DE

ext. ~11!

According to the symmetry of the present electric field, on
the z component of these additional forces is nonvanishi
However, it can be seen that a generalization to any direc
of the electric field is also straightforward. We will see th
the additional forces can be expressed in three different c
tributions. The first one, easy to derive, comes from the s
ond term in the right-hand side of Eq.~8!. It corresponds to
the force exerted by a uniform electric field on a po
charge,

FI ,z
~1!5ZIj

ext. ~12!

Following the same procedure to determine the forces for
PAW method as in the original paper,14 we obtain the other
terms. Since the pseudocharge densityñ contains implicity
the corresponding pseudocore charge densityñc, there exists
a force acting on this charge density,

FI ,z
~2!52¹ I ,zE ñ~r !Vext~r !dr . ~13!

It can be shown after a little algebra that this term reduce
a simpler expressionFI ,z

(2)52ÑI
cjext, where ÑI

c5* ñc(r
2RI)dr is the charge of the pseudocore of theI th atom. No
assumption on the electric field inside the core region
been used, even if the previous result seems to imply tha
field is constant over the core region. This result can
understood by the fact that~i! the spherical-harmonic expan
sion of ñc includes only a purely sphericals component~this
is a convenient choice since by constructionñc is arbitrary to
some extent! and~ii ! ñc is short ranged and does not overla
with the ‘‘fictitious’’ double layer of charges associated wi
Vext. FI ,z

(1) andFI ,z
(2) can be summed to give an effective forc

on the total core charge associated to theI th atom
FI ,z5(ZI2ÑI

c)jext. This is the standard expression for th
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forces on the atomic core derived from pseudopoten
plane-wave calculation. The last term comes from the o
center densitiesn1 and ñ1

FI ,z
~3!52¹ I ,zE @n1~r !2ñ1~r !#Vext~r !dr . ~14!

This force is due to the change of shape of the one-ce
densities as the atoms move and is derived in the same m
ner as Eqs.~51!–~57! of Ref. 14. The forceFI ,z

(3) is expressed
as

FI ,z
~3!52(

i j
¹ I ,zQ i j

RIRI~^f i
RIuVextuf j

RI&2^f̃ i
RIuVextuf̃ j

RI&!.

~15!

SinceVext(r ) is a local potential, it acts on the same atom
siteRI for the all-electron partial waveuf i

RI& and pseudopar
tial wave uf̃ i

RI&. Let us recall that the indexesi and j repre-
sent the angular momentum (l ,m) of the corresponding par
tial wave and other additional indices, if used, to lab
different partial waves for the same angular momentu

Q i j
RR8 is a density matrix for the one center expansion

terms of partial waves and is defined as

FIG. 4. Polarization charge densityDñ in the (110) plane along
the dimer Si-Si bond. The values of the charge density contours
given in @electron/Bohr3# as in the following figures. Accumulation
of charge can be seen above the upper dimer atom and ch
depletion below the Si-Si bonds. The value of the electric field
jext5 20.008 a.u.~0.41 V/Å!. The dimer Si atomic positions ar
also indicated.
l
e-

er
n-

l
.

Q i j
RR85(

n
f n^C̃nu p̃i

R&^ p̃ j
R8uC̃n&, ~16!

where uC̃n& is the pseudowave function with occupationf n
and u p̃i

R& is the projector function of angular momentu
( l ,m) located at the atomic siteR. In the context of the PAW
method, the forceFI ,z

(3) is reminiscent of Pulay-like forces.33

We refer to the original PAW paper for readers who a
interested in the practical way such forces are calcula
Including the different expressions we have derived for
additional terms in the total energy and forces on the io
we can calculate the self-consistent electronic charge den
as well as the ground-state atomic positions in the prese
of the external potentialVext.

B. Effects of the electric field on the bare Si„001… surface

We apply the results described in the previous section
the Si~001! p(232) surface. First we study the influence
the external electric field on the electronic structure of t
surface. The atomic geometry for the slab is the same as
obtained in Sec. III A. The calculations are performed
Ecut58 Ry andG-point sampling. The field is directed to
wards the surface as in a STM experiment for which
electrons tunnel out of the surface. Different values ofjext

re

rge
s

FIG. 5. Polarization charge densityDñ in the (110) plane pass
ing through the middle of the dimer Si-Si bond and the C-C bond
the molecule. The successive accumulation and depletion of ch
~form the top to the bottom! are attributed to the polarization of th
C-C and Si-Si bonds, respectively. Herejext520.008 a.u.~0.41
V/Å !.
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10 088 55H. NESS AND A. J. FISHER
have been used. They are typical for standard STM exp
ments and range from 831023 to 1531023 a.u. ~0.10 to
0.77 V/Å!.

We define the polarization charge densityDn by

Dn~r !5n~r ,jext!2n~r ,jext50!. ~17!

However, we are mostly interested in the behavior of
charge density outside the surface. Therefore, owing to
localization of the partial waves in the augmentation reg
around each atom, the variation under the electric field of
all-electron charge density in the vacuum is essentially gi
by the total pseudocharge densityñ. Furthermore, in general
the polarization of the one center densities is smaller than
polarization charge densityDñ. Figure 3 represents th
variation of the polarization charge densityDñ @averaged
over the (xy) plane parallel to the surface# with respect to
the z coordinate. The main changes occur at the surface
the slab. As expected and according to the sign of the ele
field, we find an increase of the electron density at the s
face and in the vacuum~and a corresponding decrease on
other side of the slab!. The charge accumulation and depl
tion at the slab surfaces can be related to a surface ch
density and the corresponding classical polarization ve
using standard electrostatics as we show in the appen
The amplitude of the accumulation charge density peak
creases with increasing electric field. However, the posit
of the maximum of this peak is not strongly modified exce
for the highest value ofjext shown in Fig. 3. For this and
higher values of the electric field another phenomenon
curs. The strong modification of the accumulation cha
peak corresponds to states which are trapped in the artifi
potential well created by the cutoff functionf (z) defined in
Sec. IVA. In the following, we always check that there a
not unphysical ‘‘trapped’’ states for the electric field valu
we use. Inside the slab, oscillations of the polarization cha
density can be seen. They have a small amplitude and do
strongly depend on the value of the electric field~at least for
the range we have considered!.

In order to illustrate the modifications of the charge de
sity above the dimers, Fig. 4 represents the polariza
charge densityDñ in the ~11̄0! plane containing the dime
bond. There is a strong increase of the charge density ab
the upper dimer atom and decrease of the charge de
below the dimer bond~almost located below the lower dime
atom!. Such a qualitative behavior has already been obse
by Huanget al.10 However, note that in their calculation
these authors did not take into account the atomic relaxa
due to the presence of the electric field. This polarizat
charge density plot~Fig. 4 and part of Fig. 5! is characteristic
of the complex polarization both of the Si-Si dimers bond
and of thep dangling bonds, and also of the polarization
the bonds between the dimers and the remainder of the
face.

Finally we have performed a full~electronic and atomic!
relaxation calculation for the Si~001! p(232) surface in the
presence of the field. The initial slab geometry is the sam
previously. Since we are mostly interested in the modifi
tions of the atomic structure of the surface, the atomic po
tions of the hydrogen layer and of the two silicon botto
layers were fixed. Calculations were performed again
ri-
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Ecut58 Ry and theG-point sampling. The atomic position
were relaxed until the forces on all the atoms are sma
than 731024 Hartree/Bohr ('36 meV/Å!.

The main modifications due to the presence of the elec
field are observed on the dimer atoms; the other atoms in
the slab are not displaced~their displacements are less tha
0.05 Å!. The upper dimer atom is slightly displaced towar
the vacuum whereas the lower atom moves towards the
by an amount of approximately 0.16 Å. Consequently
observe an increase of both the dimer bong length~2.256 Å!
and the buckling angle (19.7°) as compared to the value
the absence of the electric field. Such a modification of
buckling angle under an electric field has also been obtai
in a semiempirical calculation by Ramoset al.34 This behav-
ior is consistent with the standard picture of charge trans
from the partially occupied dangling bond on the low
dimer atom to that of the upper atom. This leads to a po
tively ~negatively! charged lower~upper! dimer atom.34,35

Thus given the direction of the electric field, the charg
atoms move as we expect. The values we have given for
bond length and the buckling angle are obtained
jext5831023 a.u. ('0.41 V/Å!. These values are lowe
~larger! for a lower ~larger! amplitude of the electric field.
Finally note that the atomic displacements induced by
electric field we obtain are larger than those calculated
Huanget al.10 This may be in part because they estimate
response of the surface to an applied force by displacing

FIG. 6. Polarization charge densityDñ in the ~11̄0! plane con-
taining the dimer Si-Si and molecule C-C bonds forjext520.008
a.u.~0.41 V/Å!. The polarization of the different bonds~C-C, Si-C,
and C-H! can be seen~see text!.
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FIG. 7. (xy)-averaged polarization charge densityDñ versus thez coordinate for the Si~001! surface on which ethylene molecules a
adsorbed. The values of the electric field arejext ~i! 20.008 a.u.~0.41 V/Å! solid line,~ii ! 20.012 a.u.~0.62 V/Å! dotted line. Compare the
rate of decay ofDñ in the vacuum to the corresponding decaying polarization charge density of the clean Si~001! ~long-dashed line,
jext520.008 a.u.!.
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dimer alone with no additional relaxation. This procedu
would be expected to overestimate the stiffness of the
face.

Finally, it should be noticed that the effects of the appli
electric field presented here are purely localized at the
face~at the atomic scale relevant for tunneling imaging!. For
a realistic semi-infinite surface other effects also occur, s
as long-range band bending below the surface. The co
sponding depletion lengths or screening lengths are, h
ever, very large compared with the size of our system~typi-
cally of the order of hundreds of Å, depending on the dop
concentration and surface defects in the system!. Therefore
such a screening has a negligible effect on the propertie
the surface at an atomic scale. However, the screening
associated band bending will strongly influence the relati
ship between the total bias applied to the STM and the v
age actually appearing across the tunneling junction. T
point, crucial for scanning tunneling spectroscopy, has b
investigated recently by several different authors~see for ex-
ample Refs. 36 and 37!. In any case there are also furth
uncertainties in the tip-induced field arising from the u
known tip shape and tip-sample separation.

C. Effects of the electric field on the C2H 4-Si„001… system

We now investigate the effects of the electric field on t
Si~001! surface on which ethylene molecules are adsorb
We use the same atomic geometry for the slab as obtaine
the absence of the electric field and forEcut525 Ry (G
point!, cf. Sec. III B. The electronic wave functions are r
r-

r-
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laxed in the presence of the field. The polarization cha
density along the plane passing through the bare dimer
the plane containing the other dimer and the C-C bond of
adsorbate has been determined. The same trends desc
above remain for the bare dimer. However, a more com
cated feature appears on and near the adsorbed molecule
example, the polarization charge density in the~110! plane
passing through the middle of the Si-Si and C-C bonds
shown in Fig. 5. A succession of positive and negative v
ues ofDñ is obtained. According to the atomic position
each pair of high and low density values corresponds to
polarization of a bond~the Si-Si and C-C bond respectively!.
In the ~11̄0! plane containing the dimer and C-C bonds, t
polarization charge density shows even more structure~Fig.
6!. The accumulation and depletion of charge in the reg
between the dimer and C-C bonds are attributed to the
larization of the Si-C bonds themselves. The strong deple
of electronic charge located on each side of the carbon at
is mainly due to the polarization of the C-H bonds. Fina
the lobe of charge accumulation above the molecule or
nates essentially from the polarization of the carbon and
drogen atoms themselves.

The xy-averaged polarization charges densities obtai
for different values ofjext are shown on Fig. 7. An accumu
lation of charge, outside the surface, is clearly seen. T
polarization charges density decays exponentially in
vacuum gap as expected. However, one can see that the
of the decaying charge density is different for the bare s
face as compared to the one for the surface supporting
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10 090 55H. NESS AND A. J. FISHER
sorbates. This suggests that there is a different behavio
the decaying charge density above the adsorbed mole
and the bare dimer.

In order to clarify this point and to shed some light on t
STM contrast observed on the adsorbates, we have calc
the charge density of the highest occupied states~CDHOS!
in planes parallel to the surface. The CDHOS is obtain
from the surface states whose energy lies, at the top of
valence band, in the energy window taken to integrate
tunneling current Eq.~3!. The CDHOS has been calculate

FIG. 8. Charge density of the highest occupied states~CDHOS!
in a plane parallel to the surface (jext520.008 a.u.!. The planes are
located in the vacuum at~a! z56.5 a.u., the molecules appe
brighter than the dimers, and~b! z59.5 a.u, an inversion of the
contrast in the CDHOS plots is observed.
of
ule

ate

d
he
e

for two different values of thez coordinate (z56.5 and 9.5
a.u.!. This corresponds to planes located in the vacuum at
distance of approximately 3.6 and 5.2 Å respectively from
the bare Si~001! surface~or 1.2 and 2.8 Å respectively from
the top of the C2H4 molecule!. The CDHOS in these planes
are represented on Fig. 8. For the lowestz value, the density
is higher above the molecule than above the bare dimer. Fo
the distance further away from the surface (z59.5 a.u.! we
observe the opposite. Obviously there is a turning pointztp
above which the density on top of the bare dimer is large
than above the adsorbed molecule. In other words, the CD
HOS above the ethylene molecule decays faster in th
vacuum than the density above the dimer. In order to us
these results for understanding the contrast in STM image
we first use the simple Tersoff-Hamann picture for obtaining
the tunneling current. It consists of taking the tunneling cur-
rent simply proportional to the surface electronic density a
energies close to the Fermi level5 ~e.g.,I tunnel is proportional
to the CDHOS!. We choose a constant current value for
which the corresponding tip-sample distance is always large
than ztp . Then it is easy to show from Fig. 8 that in the
corresponding constant CDHOS surface, the C2H4 molecule
appears slightly darker than the bare dimer as observed e
perimentally.~Note that this simple picture for STM imaging
does not correspond exactly to the original Tersoff-Haman
approximation since we have considered the surface ele
tronic structure modified by the presence of the tip-induced
electric field.! However, for the moment this interpretation is
only based on surface electronic density considerations
Therefore in order to test the accuracy of such an approx

FIG. 9. Constant currentj̄ scans above the surface unit cell
obtained for an applied electric fieldjext520.008 a.u. (20.41
V/Å !. The normalized s̄av/(2e

2/h) value is 131024 and
V5(m i2m f)/e'0.9 V. The ‘‘tip-sample’’ distanceZ is given in Å.
The contrast is inverted as compared to Fig. 2 and the molecule
appear sightly darker than the clean silicon dimer in agreement wit
the experimental results.
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FIG. 10. Schematic represen
tation of the periodic slabs with
their surface charge densities du
to the applied electric fieldjappl.
The corresponding induced elec
tric fields in the slabjs

ind and in
the vacuum gapjv

ind are also
shown, along with the contribu-
tionsfs

ind andfv
ind to the potential

energy of an electron.
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mation, a more detailed calculation of the tunneling curr
in presence of the electric field has to be performed. Thi
presented next.

D. Application to STM imaging

In order to determine the influence of the tip-induc
electric field on the differential conductance values, we p
ceed in a similar way to that described previously~Sec.
IIIC !. The conductance is calculated via the expression
Eq. ~4! using the eigenstates obtained in the presence of
electric field, and averaged over the same set of random
calized initial states as in Sec. IIIC. The final state is s
chosen to be a localized Gaussian state in the vacuum
moving according to the scan direction. It should be m
tioned that the presence of the tip is, in this case, parti
taken into account by the presence of its induced elec
field, which in turn polarizes the surface~as we have seen in
the previous sections!. Figure 9 represents a constant-curre
image of the surface unit cell. Constant current scans h
been also determined for different current values~for ex-
ample see Fig. 4 in Ref. 13!. The ‘‘tip-sample’’ distances are
larger than for the zero-field case~even for larger curren
values!: this is to be expected because of the field-induc
electron spreading into the vacuum. When the ‘‘tip-samp
distance is around or slightly above the turning pointztp
defined in the previous section, the molecule appears slig
below the clean dimer in the corresponding image. This c
trast originates from the difference of the surface polarizat
above the molecule and the clean dimer. The electro
states respond more strongly to the electric field above
dimer than above the molecule. This effect is partially co
pensated by the fact that the molecule stands above the
of the rest of the surface. This explains why, in Fig. 4 in R
13, the contrast is slightly inverted for smaller ‘‘tip-sample
distances~i.e., larger conductance values!. Consequently we
propose that under such conditions, the results we have
tained may explain the contrast observed experimentall
the STM images. We are not able to understand such a
trast by considering only surface wave functions obtained
zero electric field.

V. CONCLUSION

In this paper, we have studied the STM contrast of
Si~001! surface on which C2H4 molecules are adsorbed. I
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particular, we have been interested in the influence of
tip-induced electric field on such a contrast. The system
investigated by mean of anab initio density functional
method~projector augmented wave! combined with the Car-
Parrinello scheme to achieve the ground-state atomic
electronic structures. We first showed that the experime
results, i.e., that the ethylene molecules appear slig
darker than the clean silicon dimer in the filled-state ST
images, cannot be understood from calculations done w
zero electric field. Consequently the tip-induced electric fi
and the corresponding modifications of the surface electro
structure must play an important role in the tunneling p
cess. We have performed a detailed analysis of the polar
tion of the surface charge density with and without adsorb
ethylene molecules. It has been shown that in the presenc
a tip-induced electric field directed towards the surface,
electronic states are spread into the vacuum as expe
However, the response to the electric field is found to
more important above the clean dimers than above the
sorbed molecules. This effect, combined with the particu
surface topography~the molecules are lying above the rest
the surface!, means that above a critical tip-sample distan
the clean dimers appear brighter than the molecules
constant-current scans in agreement with the experimen

This result opens the way for further investigations of t
role of electric fields in STM. We plan to extend our calc
lations to include the atomic structure of the tip, and hen
other types of tip-sample interaction.
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APPENDIX: SURFACE CHARGE DENSITY
FOR A DIELECTRIC SLAB IN A SUPERCELL
WITH PERIODIC BOUNDARY CONDITIONS

In this appendix, we relate the polarization charge den
obtained with the PAW method to the classic surface cha
density induced in a dielectric by an applied electric fie
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10 092 55H. NESS AND A. J. FISHER
using standard electrostatic formalism. Let us first consi
an isolated slab of thicknessds made of a dielectric materia
characterized by its dielectric constant or relative permit
ity e r . An applied~external! electric fieldjappl perpendicular
to the slab surface induces charge displacements in the
towards the surfaces which correspond to the induced e
tric field inside the slabjs

ind ~the so-called depolarizatio
field!. The relation between the applied field and the induc
field, obtained form the boundary conditions at the slab s
face, isjs

ind5(12e r)/e rj
appl. Sincee r is always greater than

unity, the induced field is opposite to the applied field
expected. Using Gauss’s law, one finds the expression fo
corresponding induced surface charge densitys,

usu5
e r21

e r
ujapplue0 , ~A1!

which is a standard result of classical electrosta
(e058.85310212 H/m is the permittivity of the vacuum!.

However, in the present case, the periodic boundary c
ditions on the supercell in which the slab is located imply
electrostatic interaction between adjacent periodic slabs.
surface charge density of the periodic slabs generates a
responding induced electric fieldjv

ind in the vacuum gap as
schematically represented in Fig. 10. Then, the bound
conditions for the electric fields at the separation surface
tween the slab and the vacuum is

e r~jappl1js
ind!5jappl1jv

ind . ~A2!

Taking into account the periodic boundary conditions,
find that the continuity of the induced potential on the su

TABLE I. Values of the surface charge densities obtained fr
the ab initio calculation (scalc) and estimated from classical ele
trostatics (sestim) in electron/Å2.

jappl @eV/Å# scalc @e2/Å 2# sestim @e2/Å 2# error @%#

20.1029 9.2931024 9.0931024 2
20.2057 1.8731023 1.8231023 3
20.4114 3.8131023 3.6431023 5
20.7714 7.8231023 6.8231023 15
21.0285 1.1731022 9.0931023 29
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cessive slab-vacuum separation surfaces can be recast
‘‘conservation’’ equation for the corresponding induce
field,

dsjs
ind1dvjv

ind50, ~A3!

wheredv is the length of the vacuum region in the superc
in the direction perpendicular to the slab surface (ds1dv
being then the length of the supercell in this direction!. Com-
bining Eqs.~A2! and ~A3! gives the expression for the in
duced field in the slab,

js
ind5

12e r
e r1ds /dv

jappl. ~A4!

Finally, one can define the induced surface density cha
from the field flux passing through a surface element
usu/e0[u(jappl1js

ind)2(jappl1jv
ind)u. This gives us the final

expression of the induced surface density charge

usu5
e r21

e r
F 11d

11d/e r
G ujapplue0 , ~A5!

where d5ds /dv . It is worth noticing that Eq.~A5! is
equivalent to Eq.~A1! if we replace the applied field by th
effective applied field jeff5jappl1jv

ind5(11d)/
(11d/e r)j

appl5acellj
appl. The enhancing factoracell is al-

ways larger than unity and is dependent on the dimension
the slab and of the supercell. In the case of an infin
vacuum region~i.e., an isolated single slab!, d→0 and one
recovers Eq.~A1! from Eq. ~A5!. This means that the true
effective values of the uniform tip-induced electric field a
actuallyacellj

ext.
Table I shows the values of the calculated surface cha

densityscalc from the integration~over the slab region! of the
averaged polarization charge density^Dñ(z)&xy shown on
Fig. 3, as well as the estimated surface charge den
sestim from Eq. ~A5! for the experimental silicon dielectric
constante r512. These values show a good agreement
tween the presentab initio calculations and simple classica
electrostatics for the lowest values of the applied exter
field jext. The differences increase for largerjext values as
the polarization becomes nonlinear in the applied field. F
the biggestjext value, the presence of the artificially boun
states in the potential well due to the cutoff functionf (z)
distorts the results as previously mentioned in Sec. IVB.
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