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Abstract 

The effect of the tip-induced electric field on STM images and spectra from a Si(001 ) surface on which Sb, Na and K atoms were 
adsorbed at low coverage was studied by total-energy LDF calculations. The adsorption geometry of Na and K atoms on the 
Si(001 ) surface was found to be strongly field-dependent. In contrast, the adsorption geometry of  Sb on the Si(001 ) surface was 
almost insensitive to the field. The different topographic and electronic responses of different atoms in the surface resulted in changes 
in the relative contrast of the adsorbed atoms and the substrate in STM images. The calculated filled-state images were found to be 
similar Io reported experimental images [Y.W. M o, Phys. Rev. Lett. 65 (1990) 3417: A. Brodde, Th. Bertrams, H. Neddermeyer, 
Phys. Rev. B 47 (1993) 4508]. We found that the electric field inhibits empty-states imaging of  alkali metals on Sit001 ) surface. 
Possible distortions of  the tunneling spectra are discussed. Our results demonstrate that the tip-induced electric field is an important 
factor in forming STM data, and cannot be neglected in the interpretation of  STM images and spectra. ~ 1997 Elsevier Science B.V. 
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1. Introduction 

The ability of scanning tunneling microscopy 
(STM) to image individual atoms makes it a 
powerful tool for investigating adsorption pro- 
cesses. Nevertheless, the information obtained 
from STM images and spectra is usually compared 
with results of other experimental techniques or 
calculations [ 1- 23] to achieve maximum reliability. 
As will be shown here, another reason for such 
caution is the effect of the electric field. Usually, 
the assumption is that the STM measurement does 
not affect the atomic positions and the local 
electronic structure of the sample. This assumption 
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originated from early theories where the tip and 
the sample were considered to be completely non- 
interacting. In reality, however, the tip induces an 
electric field of the order of 0.1 V A 1. Several 
attempts were made to include the bias voltage in 
calculations of STM images and spectra [ 18 21]. 
In most of these calculations, the voltage was 
considered in the calculation of the current but 
the unperturbed electronic structures of the tip 
and the sample were used. Recently, Hirose and 
Tsukada [20] have carried out first-principles cal- 
culations for a bimetallic junction under a strong 
field and current. They found that the electronic 
structure of both electrodes is significantly affected 
by the field. 

For semiconductor surfaces, the atomic posi- 
tions may also be affected. The effect of the tip- 
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induced electric field on the atomic and electronic 
structure was discussed for a clean Si(001 )-(2 × 1) 
surface [6-8,10]. It was shown that the external 
electric field caused additional relaxation in the 
clean Si(001 )-(2 x 1 ) reconstruction. According to 
one calculation, the atomic positions and the 
electronic structure of the Si dimers are only 
slightly distorted even by a strong field [6]. Others 
have found that STM images and spectra can be 
understood only by taking into account the sig- 
nificant dependence of the dimer buckling on the 
polarity of the tip-induced field [7, 8,10]. 

The presence of adsorbed atoms causes further 
complications. The atomic position and electronic 
structure are affected, even for metal atoms 
adsorbed on metals [24,25]. In this system the 
external field is almost completely repelled from 
the adatom-surface region. In semiconductors the 
external field penetrates inside the bulk up to 
0.5 ~tm, and therefore this effect should be more 
pronounced. Obviously, the field-induced changes 
in the adsorption geometry and local electronic 
structure depend on the adsorbate, the type of 
bonding and the magnitude and direction of the 
field. 

The models of atomic adsorption are calculated 
as the lowest-energy configurations. In comparing 
such models with STM images, the possible distor- 
tion of the adsorption geometry as a result of the 
tip-induced field is not taken into account. For 
group-V elements such as antimony or arsenic, the 
calculated adsorption configurations agree with 
the STM images. In contrast, for adsorption of 
alkali metals (AM) on Si(001), both the adsorp- 
tion geometry and the bonding type are still a 
subject of discussion. The proposed degree of the 
AM ionization varies from 0 to 1 [3,13,26,27]. In 
all reported filled-state images of AM on Si(001 ), 
the AM atoms are seen as bright spots, indicating 
that they are not completely ionized [32,33]. The 
sole reported atomically resolved empty-state 
image of K/Si(001) does not show distinct 
K-related features [33]. To explain the absence of 
empty-state images, it was proposed that the AM 
atoms are captured by the negatively biased tip. 
Johansson et al. [23] recently reported on the first 
tunneling spectrum of filled states for Li/Si(001 ). 

No scanning tunneling spectroscopy (STS) data 
for other AMs were reported. 

Here we present our total-energy local-density 
functional (LDF) study of the influence of the tip- 
induced electric field on STM images and spectra 
of Sb, Na and K adsorbed on a Si(100) surface. 
We found that the electric field induces relaxation 
in clean and covered Si surfaces, the degree of 
relaxation varying for different atoms. The non- 
uniform topographic and electronic responses 
result in changes in the relative contrast of the 
adatoms and the substrate in the STM images. 
This significant relaxation also affects the local 
density of states (LDOS), and consequently the 
tunneling spectra. Such spectra cannot therefore 
be compared directly with calculated LDOS or 
with spectra obtained by other spectroscopic tech- 
niques. The surface response to the tip-induced 
electric field must be considered when STM/STS 
data are interpreted. 

2. Model 

We used an ab initio all-electron numerical total 
energy DMOL method [28] with the Hedin- 
Lundqvist/Janak-Morruzi-Williams local correla- 
tion and the Beske gradient-corrected exchange 
functionals for calculating the geometric and ener- 
getic properties of the surface. For all atoms, a 
double numerical basis set with a frozen core 
approximation for the ls2s orbitals of Si and Na 
and the ls2s2p orbitals of Sb and K was used. 

For each set of calculations, a cluster with the 
appropriate geometry was constructed. The asym- 
metric dimer configuration was used as the starting 
geometry of the substrate. For all clusters, C2v 
symmetry was assumed to reduce the number of 
calculations, which sometimes restricted the geom- 
etry relaxation. A test study for large clusters using 
low symmetry (Cs and Ci) showed that this limita- 
tion does not significantly affect the results. All 
broken bonds (except the surface dangling bonds) 
were saturated with hydrogen atoms which were 
fixed in their positions during geometry optimiza- 
tion. In each calculation the geometry of the cluster 
was relaxed to minimize the total energy of the 
system. The conversion criterion was 1 × 10 - 6  Ry 
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for the energy and l x l 0 - 3 R y a . u .  -1 for the 
energy gradient. 

The external electric field penetrates substan- 
tially into the semiconductor. Thus, only part of 
the full t ip-sample potential drops across the 
vacuum (Fig. 1). The penetration depth of the 
external field depends on both the bulk properties 
of the semiconductor (such as the doping level) 
and the surface properties (such as the presence of 
surface states inside the bandgap). In order to 
estimate correctly the electric field (Ev,c) produced 
by the tip in the vacuum region, the buffering role 
of the semiconductor bulk should be considered: 
Evac = (Vb--V~)/d, where Vb is the bias voltage, d 
is the distance between the tip and the surface, 
Eva c is the electric field in the tunneling regiom 
and V~ is the surface potential. For a semiconductor 
without surface states inside the gap, the field- 
induced surface potential is defined by the polarity 
and the strength of the field and by the penetration 
l e n g t h  L D = (ekT/47re2N) 1/2, where e is the dielectric 
constant of the semiconductor, e is the charge of 
the electron and N is the doping level. Since we 
are interested in the order of magnitude of  the 
surface potential induced by the strong external 
electric field, we can use a simplified approximation 
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Fig. 1. The partition of the bias voltage V b between the vacuum 
region and the semiconductor. V~ is the surface potential, t~m 

is the actual imaging voltage, eo and e are dielectric constants 
of the vacuum and the semiconductor, respectively, U F and 
E~v are the Fermi levels of the tip and the sample, respectively, 
CB and VB stand for the conduction and valence bands of the 
sample, d is the width of the tunneling gap, and LD is the penet- 
ration length. 

for V~ [29]: Vs=EvacLD/'£. For the n-type silicon 
without surface states, with a doping level of 
10- 'Scm -3 and a biased tip ( - 1  V) 5 A  above 
the surface, Evac is estimated to be 0.12 V A - '. 

The presence of surface or defect states can 
restrict the field-induced band bending or, if the 
density of surface states is large enough, completely 
pin the Fermi level. Here, the surface potential is 
independent of the doping level and is much 
smaller than in surfaces free of  surface states. The 
surface Fermi-level pinning effectively screens the 
space-charge region of  the semiconductor from the 
external field; however, the outermost layers are 
still affected by the field Evac. Interaction of the 
surface with an adsorbed atom usually removes or 
changes the amount of  surface states in the vicinity 
of the adatom. Therefore, V~ is the local property 
of  the surface. The difference between the bias 
voltage V b and Vs is the actual imaging voltage 
(Vim) which defines on a microscopic scale the 
energy states participating in tunneling; it also 
defines the local value of Evac. The simplified 
calculation of Ev~ may underestimate the real 
field. Therefore, the effect of the electric field is 
probably larger than that estimated in this paper. 

The STM tip can be considered as a metal plate 
with a small cluster on it. The cluster causes an 
enhancement of the electric field just below it [24]. 
For typical distances used in STM (about 5 A), 
this field enhancement will not exceed 30% of the 
uniform field. Here, only the uniform field compo- 
nent was considered. For each cluster, a set of five 
calculations were performed, without an external 
field and in the presence of  uniform electrostatic 
fields: +0.1 and _+0.2 V A '. Two additional cal- 
culations were carried out with +0.3 V A -1 for 
K/sir001 ). A positive direction of  the electric field 
is oriented from the surface towards the vacuum. 
In the experiment, it corresponds to tunneling 
from the tip into empty sample states. 

Using these data, local density of states (LDOS) 
energy spectra (d In / /d  In V versus V) graphs and 
constant-current images were calculated. A peak 
width of 0.2 eV was used for the LDOS spectra. 
The origin for the spectra was placed at the middle 
of  the HOMO LUMO gap. To mimic the tip's 
electronic structure near the Fermi level (d- and 
s-bands), a sum of two normalized Gaussians of  l 
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and 3 eV width with the same origin was used. To 
simulate the tip-sample energy overlap for calcula- 
tions of the current, the surface LDOS was convo- 
luted with the model tip LDOS located at 
e V  b (V b is the bias voltage) with respect to the 
surface Fermi level. Both the sample and tip LDOS 
were broadened by a Fermi distribution corre- 
sponding to room temperature. For calculation of 
STS, the current was averaged over the unit cell. 

STM images were simulated by combining the 
current distribution calculated at a distance of 4 ,~ 
above the upper dimer atom for the clean surface 
and above the adsorbed atom for the covered 
surface. The composed picture was then converted 
to a constant-current image using the exponential 
dependence of the current on the tunneling 
distance. 

3. Results and discussion 

First, the optimized geometries for a clean 
Si(001) surface and for a surface covered with 
either Sb, Na or K were calculated. The clean 
Si(001) surface was studied with clusters contain- 
ing one dimer (SilvH2o), two dimers from parallel 
rows (Si31H34) and four dimers for a p (2×2 )  
reconstruction (8i53H44). For the double-dimer 
cluster, two equally stable structures corresponding 
to correlated out-of-phase buckling were found. 
For this cluster, the in-phase buckled structure was 
not even a local minimum, and was spontaneously 
converted to either of the stable structures dur- 
ing optimization. A four-dimer cluster exhibits 
two stable structures (Fig. 2), corresponding to 
c(4 × 2) and p(2 × 2) reconstructions, the former 
being only slightly more stable (by 0.01 eV per 
dimer), which is in good agreement with STM 
observations and recent dynamics calculations 
[22]. 

Antimony atoms at low coverage are thought 
to be adsorbed on Si(001 ) as dimers sitting on top 
of the Si dimer rows and oriented perpendicularly 
to the underlying Si dimers. To simulate this 
surface, we used a Si15H2oSb 2 cluster with alterna- 
tively buckled asymmetric Si dimers. After optimi- 
zation, the buckling of the dimers disappeared 
completely. In the underlying Si layer the unre- 
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Fig. 2. The c(4 x 2) (a) and p(2 x 2) (b) stable reconstructions 
of the Si(001 ) surface. The shaded circles denote upper dimer 
atoms. In (b) the adsorption sites for alkali metal atoms on 
Si(001 )-c(4 x 2) surface are marked by small filled circles. The 
acronyms T4, T3, HH, HB and B2 denote the cave, valley 
bridge, pedestal, dimer bridge and intermediate bridge sites, 
respectively. 

constructed geometry was almost restored, 
although the Si dimer atoms remained closer to 
each other than in the ideal surface (3.62 A instead 
of 3.84 A). The calculated Sb dimer bond length 
is slightly larger than the experimental value. 
Nevertheless, the geometry obtained agrees reason- 
ably with the experimental results. 

Fig. 2b shows the adsorption sites for the 
adsorption of AM on Si(001 ). Several calculations 
[3,13,17,30] show that the cave and the valley 
bridge sites are close in adsorption energy and are 
more stable than other sites. A photoemission 
extended X-ray absorption fine structure 
(EXAFS) study of Na/Si(001) [9] confirmed 
adsorption on the cave site, whereas pseudo-poten- 
tial calculations [ 13,30] proposed that the valley 
bridge site is slightly more stable than the cave 
site. Alternatively, recent surface EXAFS measure- 
ments of K/Si(001) [31] suggested low-symmetry 
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dangling-bond sites, where the potassium atom 
located between the rows is bound either to one 
dimer atom or is bridging two adjacent atoms in 
the row. A close look at the proposed structures 
reveals that they are equivalent to the cave and 
the B2 site. The B2 site has already been ruled out 
by calculation as being less stable [13,30]. Another 
parameter which is still unclear is whether the 
Si dimers are symmetrized upon adsorption. 
Symmetrization of the dimers was proposed for 
saturation coverage [ 13, 30], and is frequently used 
in the analysis of  structural measurements for 
submonolayer coverage. However, Ko et al. [30] 
showed that for Na atoms adsorbed at low cover- 
age, buckling of the surface dimers persists. 

To define the adsorption site for Na and K 
atoms, we studied the relative stability of  the cave 
and valley bridge sites. The Si31H32Na(K ) cluster 
for the cave site and the Si53H44Na(K ) cluster 
were used for the valley bridge site. The adsorption 
energy of the AM atom was calculated as the 
difference between the binding energies of the 
corresponding cluster with and without the AM 
atom. The bond length was defined as the shortest 
distance between the AM and the Si atoms. 
Adsorption energies at the cave site for both Na 
and K atoms were found to be larger compared 
to the valley bridge site. and the calculated bond 
length for adsorption at the cave site agrees better 
with the experimental values (see Table 1 ). 
Therefore, in further calculations only the cave 
site was considered. In both structures the surface 
dimers remain buckled towards the AM atom, 

Table 1 
The AM Si bond lengths LNa~K~si (in A) and adsorption ener- 
gies Ea (in units ofeV per atom) for cave and valley bridge 
adsorption sites 

Valley bridge Cave Experiment 
T3 T4 

K L~ si 3.87 3.46 3.20+0.02 a 
E a 2.03 2.23 

Na LN._si 3.46 2.86 2.67 _+ 0.05 b 
E. 2.21 2.48 

~From Ref. [31 ]. 
bFrom Ref. [9]. 

although buckling is reduced compared to the 
clean surface. Symmetrization of the dimers is 
more prominent upon K adsorption. Fig. 3 shows 
the different clusters used in calculations. Table 2 
summarizes some parameters of the optimized 
structures. 

The geometry and the electronic structure of the 
clean and Sb-, Na- and K-covered Si surfaces were 
calculated in the presence of an external electric 
field. Fig. 4 shows the changes in the adsorption 
geometry induced by the field, The difference in 
the response to the applied field between the 
different adatoms and the underlying Si layer is 
remarkable. The relaxation of the Sb dimer geome- 
try is smaller than that of the clean surface dimers, 
whereas the changes in AM atom positions are an 
order of  magnitude larger than those of the clean 
surface. Interestingly, the behavior of Na- and 
K-covered surfaces is different. In the Na-covered 
surface, the underlying Si dimers are only slightly 
affected. The amount of buckling does not change 
with the field. The average dimer height varies in 
the order of 0.01 A. In contrast, there are drastic 
changes in the geometry of the Si dimers on the 
K-covered surface. The buckling of the dimers 
increases greatly for a positive field: for a negative 
field the increase in buckling is smaller. Note that 
the direction of the relaxation of the atoms is 
defined by their effective charge. The upper dimer 
atom in the clean Si surface is negatively charged 
because of charge transfer in the buckled dimer. 
Sb, Na and K atoms are positively charged. With 
K/Si(001 ), the relaxation of surface dimers is not 
related to the electrostatic interaction with the tip, 
but to the elastic force applied by the relaxed 
potassium atom. 

The penetration of an external electric field 
inside the semiconductor causes a shift in the 
surface LDOS position. The surface LDOS 
response to the electric field depends on whether 
a covered or a clean surface is considered. The 
LDOS spectra have a general trend to shift up for 
a positive field and down for a negative one, but 
the shift itself differs from peak to peak (Fig. 5). 
The field-induced changes in the bonding between 
the adsorbed atom and the surface are reflected in 
the behavior of the mixed adatom-Si states. 

For the Sb-covered surface, the occupied (A l, 
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(a) (b) (c) 

(d) (e) (f) 
Fig. 3. Ball-and-stick models for the clusters used in the calculations. (a)-(c) The optimized structure of the clusters representing the 
clean Si(001 ) surface: (a) the one-dimer SilTH20, (b) the double-dimer Si31H32 and (c) the four-dimer Si53H44. For the covered surface: 
(d) the Si15H20Sb 2 cluster representing the Sb/Si(001 ), (e): the Si31H32Na(K) clusters representing the cave adsorption site, and (f): 
the Si53H44Na(K) clusters representing the valley bridge adsorption site. 

A2) and the empty (B, C) Sb 5p=-Si 3sp 3 states 
are uniformly shifted for both polarities of the 
field (Fig. 5a). The energy shift of the spectrum is 
a result of the external field only. This reflects the 
fact that the adsorption geometry of Sb/Si(001 ) is 
hardly affected by the field. 

In K- and Na-covered surfaces, the external 
field strongly shifts the AM valence s-state. 
Consequently, the energy overlap changes between 
AM s-orbitals and Si orbitals available for bond- 
ing. In addition, the geometric relaxation causes 
changes in the spatial overlap between these orbit- 
als. Both of these factors affect the LDOS. 

In Na/Si(001), the Si surface states (A, B) and 
the dimer o-* state (C) are slightly mixed with the 
Na 3s orbital when no field is applied (Fig. 5b). 
In a negative field, the Na atom moves closer to 
the surface and the energy if its valence s-orbital 
decreases. As a result, both the spatial and energy 
overlaps increase. The intensity of all these peaks 
increases as the contribution of the Na 3s orbital 
grows. For a positive field, the Na 3s orbital is 
greatly shifted to higher energies. At the same time 

the Na atom is pulled out from the surface. The 
contribution of the Na 3s orbital to the mixed 
states decreases, but some overlap still remains. 
The high-lying Si3p states overlap with the 
strongly shifted Na 3s state. The intensity of the 
empty LDOS states changes upon increasing the 
field, and the peak assignment also changes. 
However, the surface dimer a state (peak D in 
Fig. 5b) is almost unaffected, which indicates that 
in the Na-covered surface the silicon dimers are 
only slightly affected. 

For the K-covered surface, the field-induced 
relaxation of the surface dimers complicates the 
effect of the field on the LDOS. The dimer a-state 
is shifted to higher energies for both field polarities, 
as the dimers become more buckled (peak D in 
Figs. 5c and 5d). For the positive field, the intensity 
of all dimer-related states (A-D) decreases because 
of a weakening of the dimer bond. The changes in 
the empty Si states are defined by both the external 
field and the structural rearrangement. As a result, 
apparently similar LDOS peaks have a different 
assignment (E and F in Fig. 5c). The contribution 
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Table 2 
Parameters of  the optimized structures used for the calcula- 
tions (in ,~) 

Calculated Experimental 

Clean Si(001 ) 
L,~ 2.52 
AZ ~ 0.73 

2.47 g 

Sb/Si(001 ) 
L~b Sb 3.16 2.88 +0.03 h 
Lsb si 2.75 2.66--+0.03 
h~b 1.83 1.74_+0.03 

Na/Si(0111 I" 
Lf ,  si 2.86 2.67 _+ 0.05 i 
L d 2.43 2.44 _+ 0.04 
AZ 0.35 

K/Si(001 )" 
Lf  s~ 3.46 
L d 2.31 
AZ 0.20 

3.20 _+ 0.02 j 

aNa and K parameters are for adsorption on the cave site. 
bL a denotes the dimer bond length. 
cAZ denotes the extent of  dimer buckling (the height difference 
between the upper and the lower a tom in the dimer). 
dLsb Sb denotes the Sb Sb distance. 
ehSb denotes the height of  the Sb atom above the surface. 
fLs~s~ and Lsa~Kr-s~ denote the smallest distance between the 
adatom and the Si atoms. 
gFrom Ref. [35]. 
hFrom Ref. [11]. 
iFrom Ref. [9]. 
JFrom Ref. [31]. 

of the K 4s orbital to the filled state (A), which is 
almost negligible when no field is applied, greatly 
increases for a negative field (Fig. 5e), as in 
Na/Si(001). For a positive field it provides the 
main contribution to the A and B peaks. 

The effect of the electric field on the surface to 
some extent restricts the capability of STM 
imaging and spectroscopy to be a reliable local 
probe for the surface LDOS. This effect is compli- 
cated because the tip-induced field increases with 
the voltage. The extent of this limitation depends 
on the field sensitivity of the electronic structure 
in a specific system. 

Since both the local atomic and electronic struc- 
tures of the surface contribute to forming an STM 
image, it is expected that the images will also be 

affected by the field. Before discussing the simu- 
lated images, we will define the actual imaging 
voltage used in the calculation. In an experiment, 
the actual imaging voltage is smaller than the bias 
voltage applied between the tip and the sample, 
and can vary within the imaged area (Fig. 1 ). For 
calculations of the images we used the same value 
( -  2 V ) of the actual imaging voltage for the whole 
image, taking into account the variation of the 
Fermi-level position only in calculating the local 
barrier height. The consequences of possible 
differences in the actual imaging voltage will be 
discussed later. 

Fig. 6 shows the simulated images of Sb on 
Si(001 ) without an external field and with a field 
of - 0 . 2  V ~,-1. Both images were calculated for 
the same value of the current. Two characteristic 
features appear with the field: (i) the corrugation 
on the clean surface becomes smaller, which can 
be attributed to the increasing contribution of the 
Si dimer o--bond which is spatially more spread 
between dimer rows, and (ii) the relative height of 
the Sb dimer increases, which is an electronic 
consequence of the topographic response: as the 
Sb dimer moves slightly closer to the underlying 
Si (Fig. 4), the intensity of the bonding state (A2) 
increases (Fig. 5a). Even a minor response of the 
surface to the applied field will affect STM images 
(compare with Fig. 2 in Ref. [12]). 

We now consider K/Si(001 }, the system with a 
larger field sensitivity. Figs. 7a and 7b show simu- 
lated filled-state images with and without an 
electric field. The difference between the two 
images in the vicinity of the K atom is apparent: 
when no field is applied, the K atom is not seen. 
The relative height of the dimers nearest to the 
potassium atom increases because of the smaller 
barrier height in this region. The individual rows 
are clearly seen. When a negative tield is taken 
into account, the K atom is imaged as a large 
protrusion between the dimer rows. The appear- 
ance of this protrusion is purely an electronic 
effect. Indeed, the K atom moves towards the 
surface (Fig. 4). On the other hand, its contribu- 
tion to the A state becomes significant (Fig. 5e). 
The A state defines the main features of the image, 
and the K atom becomes visible at its true position 
between the rows. The images shown in Figs. 7a 
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and 7b were calculated with a voltage of - 2  V. 
The images calculated with a voltage of - 1 . 4  V 
are similar to those calculated with - 2  V. The 
only difference is in the absolute value of the 
current. Comparing with the experimental images 
in Figs. 7e and 7, the image calculated without 
electric field (Fig. 7a) is similar to the experimental 
image (Fig. 7e) taken with a voltage of -1 .4  V 
(weaker field expected). The image calculated with 
the field (Fig. 7b) agrees with the image (Fig. 7f) 
taken with a voltage of - 2 V  (stronger field 
expected ). 

For the positive field, the actual imaging voltage 
(V~m; see Fig. 1 ) becomes an important factor. The 
K atom causes local metallization of the surface 
because of partial filling of Si surface states. 
Consequently, the whole bias voltage acts as the 
imaging voltage. Thus, Eva c in this region is 
stronger relative to that in the surrounding surface. 
A K atom a t a f i e l d o f  +0 .3V~ ,  t is pulled out 
by 0.4 A (Fig. 4). Thus, at working bias voltages 
of about 2 V, potassium can easily be picked up 
by the tip. Indeed, difficulties in observing empty- 
state images were reported for all AMs on Si(001 ). 

A knowledge of the field sensitivity of a particu- 
lar adatom-surface system is thus crucial for the 
interpretation of STM images. The field-assisted 
imaging of filled K states is not a unique example. 
The non-uniform topographic and electronic 
response of the covered surface to the field suggest 
a direct application: the changes in the relative 
contrast of the free surface dimers and adsorbed 
atoms with increasing voltage can be used for 
identifying defects and adatoms. An example of 
such an application has already been demon- 
strated. It was shown that imaging with an increas- 
ing negative voltage enables the discrimination of 
H-saturated dimers from true vacancies on the 
Si(100)-H surface [15]. Finally, the effect of the 
electric field on STS must be mentioned. STS data 
are taken in variable field conditions. The mea- 
sured normalized conductance (din I/din V) is 

thought to be a good approximation for the sample 
LDOS. In the frame of our simple model of the 
tip LDOS, this is indeed true if the spectra are 
calculated using zero-field LDOS (Fig. 8). When 
the variable field was included in the calculation, 
the relation between the sample LDOS and the 
normalized conductance became more compli- 
cated. The simulated spectrum of Sb/Si(001) 
(Fig. 8a) appears unaffected by the field. The peak 
assignment remains unchanged. For Na/Si(001) 
(Fig. 8b), the spectrum of the filled states is also 
unchanged. However, for a positive field, the 
number of peaks does remain the same, but their 
assignment changes. For K/Si(001 ), all peaks are 
affected ( Fig. 8c). 

4. Conclusions 

Using total-energy LDF calculations we studied 
the effect of the tip-induced electric field on the 
adsorption geometry and electronic structure of 
Sb, Na and K atoms adsorbed on the Si(001) 
surface at low coverage. Field-induced surface 
relaxation was found. The relaxation is 
0.01 0.02 A for clean Si(001) and for Sb/Si(001 ). 
In contrast, the adsorption geometry of AM atoms 
is very sensitive to the electric field: the position 
of both the AM atom and the nearest Si atoms is 
changed by 0.1 0.4 A,. The non-uniform response 
of the clean and covered Si(001) surfaces to the 
applied field leads to changes in relative contrast 
in STM images taken under different field con- 
ditions. For field-sensitive systems such as 
AM/Si(001), imaging might even be inhibited, 
depending on the polarity of the bias voltage. The 
dependence of the relative contrast on the electric 
field may also be used to discriminate between 
native defects of the clean surface and adsorbed 
atoms. 

STS data correspond to variable field conditions, 
and may therefore differ significantly from calcu- 

Fig. 4. The field-induced geometry relaxation. (a) Changes in the Z-coordinate of  the adsorbed atoms and the upper dimer atom of 
the clean surface. (b) The details of  the relaxation of  the adsorption geometry. The open circles represent the zero-field structure. 
and the shaded circles represent the relaxed structure. If the a tom did not move during relaxation, the circle is empty for both 
structures. The direction and the magnitude of  the fields are shown in each panel. Changes in the atomic positions relative to the 
zero-field structure (in units of  A.) are shown by numbers.  
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Fig. 5. The evolution of the LDOS in the external electric field 
for (a) Sb/Si(001), (b)  Na/Si(001 ), (c) K/Si(001 ). In (a), A~, 
A> B and C denote mixed S~Sb  states. In (b)  and (c), A and 
B denote the surface states (dimer ~ and 7r* states), while C and 
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Fig. 6. Simulated filled-state STM images of Sb/Si(001) (a) 
without an electric field and (b)  with a field of - 0 . 2  V A 1. 
The registry of the surface dimers is shown in the inset. Small 
open circles denote low dimer atoms, small filled circles denote upper dimer atoms and large shaded circles denote Sb atoms. 
In (c) and (d) the cross-sections along marked lines are shown. 

lated LDOS or spectra obtained by other spectro- 
scopic techniques. Variable separation spectro- 
scopy [34] partially solves this problem, increas- 
ing the range of voltages which produce a rela- 
tively weak field. Nevertheless, the linear depen- 
dence of the induced field on the tip voltage is not 
fully compensated by increasing the distance. In 
analysis of tunneling spectra, taken either with 
variable or constant field conditions, the non- 
uniform response of surface LDOS to the applied 
field should be taken into account. 

Our results show that the tip-induced electric 
field is an important factor in the forming of STM 
data, and cannot be neglected in interpretation of 
STM images and spectra. 

D denote the Si dimer a* and a states. Other peaks in (c) are: 
E, Si3s K4s;  E', Si3s; F, K4s;  F' ,  Si3p= K4s. Note the 
different scale in each panel. (d) The evolution of the dimer 
s-bond for K/Si(001 ) (peak D) in more detail, and (e) the evolu- 
tion of the partial DOS for the K 4s orbital. Lines correspond- 
ing to different values of the electric field are shifted for clarity. 
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Fig. 7. Simulated filled-state STM images of  K/Si(001 ) (a) without an electric field and (b) with a field of  - 0 . 2  V A 1. The registry 
of  the surface dimers is shown in the inset. In (c) and (d) the different cross-sections of  the image are shown. Experimental images 
taken with voltages of  (e) - 1.4 V and (f) - 2  V are shown for comparison (from Ref. [33], with permission). Adsorbed K atoms 

are marked as 1 in (e) and as 2 in (f). 
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