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Relaxation of the adsorption geometry of Sb and K on Si„001… surface
induced by an electric field

Anna Pomyalov
Department of Chemical Physics, Weizmann Institute of Science, Rehovot, 76100, Israel

~Received 20 May 1997; revised manuscript received 11 November 1997!

The electric field-induced relaxation of the adsorption geometry of Sb and K atoms on Si~001!231 surface
was studied usingab initio cluster calculations. We have found that the adsorption geometry changes consid-
erably due to field. The difference in the response to the applied field of the different adatoms and the
underlying Si layer is remarkable. The relaxation of the Sb dimer is less than that of the clean surface dimers,
whereas the changes in K atom positions are an order of magnitude larger than those of the clean surface. In
addition, 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. In both
surfaces the relaxation of the Si dimers, to which the adsorbed atom is bonded, is defined by the elastic
interactions with the adsorbed atom and differs from that of clean surface. The distribution of the field does not
affect significantly the changes in adsorption geometry. However, for the field-sensitive surfaces, an extremely
sharp tip may cause a selective desorption of the adsorbed atoms.@S0163-1829~98!01215-6#
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I. INTRODUCTION

The adsorption of metals on a silicon surface has bee
subject of study for already more than three decades~see, for
example, reviews Refs. 1–4!. Such a stable interest in th
structure and properties of covered Si surfaces is dictate
their importance for both technological applications and fu
damental research. The classical example of such a surfa
the Si~001! surface. The complicated reconstructions dev
oped on this surface provide a variety of adsorption si
The site preferences and the actual adsorption geometr
different metals were studied both experimentally a
theoretically.1,4,5–11With the invention of the scanning tun
neling microscope~STM! a further step was taken in unde
standing the local structural and electronic properties
metal-semiconductor systems. These are especially im
tant for adsorption at low coverage, for which the averag
techniques are insensitive. Nevertheless, there are discre
cies between the results obtained with different techniq
and the calculated adsorption geometries.10,12–17 The STM
experiments on Si~001! surface are usually carried out wit
voltages around 2 V. The electric field induced by a bias
tip is extremely strong, about 108 V/cm, which is of the order
of the crystal field. In semiconductors the external field p
etrates inside the bulk up to 0.5mm. Therefore, one expect
a pronounced effect of the field on the surface structure.

The effect of the electric field on the atomic and ele
tronic structure was discussed for a clean Si~001!
surface.6,18–20 It was shown that an external electric fie
causes additional relaxation in the surface layer. As was
timated by Huanget al.18 this relaxation is small. The elasti
properties of the surface in the vicinity of an adsorbed ato
however, are different from that of the clean surface. T
adsorption geometry, therefore, may be affected during
imaging process.

In the present work the problem of field sensitivity of th
adsorption geometry of individual metal atoms on Si~001!
570163-1829/98/57~15!/8989~8!/$15.00
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surface is addressed. As an example two metals with a la
difference in polarizability were used: Sb and K. The pola
izability of a free Sb atom is close to that of Si, while it
much larger for K atoms. Both systems have been well st
ied experimentally and theoretically and are widely used
microelectronics.6,8,9,12,14,16,21

The Si~001! surface is reconstructed with the surface u
cell having the same size as in the bulk in one direction a
twice as large in another @so-called Si~001!231
reconstruction#.19,22–24This reconstruction was proposed o
the basis of room-temperature low-energy electron diffr
tion ~LEED! experiments in which a 231 diffraction pattern
was observed. It is built of dimer rows running along t

@ 1̄10# direction with dimers oriented in the@110# direction
~see Fig. 1!.

The dimerization reduces by half the number of dangl
bonds. In the symmetric dimers they are half filled~Fig. 2!.
Further lowering of the surface energy can by achieved b
buckling of the dimers~a change in the relative height of tw
dimer atoms!. The charge transfer between the upper and
lower dimer atoms leads to a filling of the lower danglin
bond at the expense of the upper one. It is widely accep
that the dimers are asymmetric in their ground state. T
symmetric dimers seen in STM images at room tempera
are not static, but rather represent the time average of
namically switching asymmetric dimers. The switching is a

FIG. 1. Dimer model of the Si~001!231 surface: a top view.
8989 © 1998 The American Physical Society
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8990 57ANNA POMYALOV
companied by a slight twisting along the@ 1̄10# direction
@Fig. 2~d!#. The asymmetric dimers are always buckled alt
natively along the row. When the dimers in the neighbor
rows are buckled ‘‘in-phase,’’ they produce the so-call
p(232) reconstruction@Fig. 2~e!#. The ‘‘out-of-phase’’
buckling gives ac(432) reconstruction@Fig. 2~f!#. The lat-
ter structure is considered to be a minimum of the Si~001!
surface, although the energy difference is very small~on the
order of 0.01 eV per dimer!. At room temperature the two
structures are in thermal equilibrium and can be loca
switched from one to the other by simultaneous flipping
two adjusted dimers from one row.

The adsorption of a foreign atom locally changes
dimers’ structure. The new arrangement of dimers depe
on the nature of the adsorbed atom-substrate interaction

Antimony atoms at low coverage are thought to be
sorbed on Si~001! as dimers sitting on top of the Si dime
rows and oriented perpendicularly to the underlying
dimers8,9 ~Fig. 3!. These dimers are almost broken and t
arrangement of Si atoms is close to that of the bulk-trunca
surface.

Among different proposed adsorption sites for the adso
tion of alkali metals~AM ! on Si~001! ~Fig. 3! the cave (T4)
and the valley bridge (T3) sites are considered to be mo
stable than other sites.5,10,12,13 Also of importance is the
structure of the underlying Si dimers. Symmetrization of t
dimers was proposed for saturation coverage12,13 and is fre-
quently used in the analysis of structural measurements
submonolayer coverage. However, Koet al.13 showed that
for Na atoms adsorbed at low coverage, buckling of the s
face dimers persists.

FIG. 2. Dimer model of the Si~001!231 surface: Top view
~top! and side view~bottom! of ~a! bulk-like terminated surface,~b!
symmetric dimer,~c! asymmetric dimer. In~d! the switching and
twisting directions are shown by arrows. The twisting directions
opposite for the adjusted dimers in the row.~e!,~f! Formation of
higher-order reconstructions.~e! p(232) in-phase buckling in the
neighboring rows,~f! c(432) out-of-phase buckling in the neigh
boring rows. The orientation ofx andy axes shown in panel~a! is
the same as in Fig. 1.
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These models of atomic adsorption were calculated as
lowest-energy configurations. In comparing such mod
with STM images the possible distortion of the adsorpti
geometry as a result of the tip-induced field was not tak
into account. The existing discrepancies in the interpreta
of STM images even for intensively studied semiconduc
surfaces call for a better understanding of the influence of
electric field on the imaged surface.

In the present paper the results ofab initio cluster total-
energy calculations of the field-induced relaxation of the
sorption geometry of Sb and K atoms on Si~001! surface are
reported. It was found that the equilibrium position of a
sorbed atoms significantly changes with the field. It was a
shown that the relaxation of underlying surface dimers is
related to the electrostatic interaction with the external fie
but rather to the elastic force applied by the relaxed adsor
atom. The force constants corresponding to different bo
in the first surface layer of both surfaces and the effect
force constants for adsorbed atoms have been calculated
additional displacement and changes in the desorption ba
caused by a localized nonuniform field distribution~charac-
teristic for the STM experiments! were estimated.

The paper is organized as follows. In Sec. II the mo
used in the calculations of the surface is described. In
section I specify the cluster structures, the field distributi
and the details of the computational procedure. In Sec. III
results for the field-induced changes in adsorption geom
are presented. In Sec. III A the surface response to a unif
electric field is discussed. The relaxation of the Si dimers
the vicinity of the adsorbed atom is explained using cal
lated bond force constants. In Sec. III B the effect of t
nonuniform field component on the equilibrium position a
the shape of the potential well for adsorbed atoms is d
cussed. In Sec. IV the findings are summarized.

II. MODEL

A. Surface model

In order to reproduce the details of the Si~001!231 re-
construction and to study the interaction between this surf
and adsorbed atom one should be able to calculate the s
tural and electronic properties of the surface from first pr
ciples with high enough accuracy.Ab initio calculations in-
volving a large number of atoms demand high computatio
resources and are very sensitive to the system size.
choice of the appropriate model for the surface is, thus
great importance for the reliability of the calculations. In t
present work the cluster model of the surface was adop

e

FIG. 3. The adsorption sites for Sb an K in Si~001! surface.T4,
T3, HH, HB, and B2 denote the cave, valley bridge, pedestal, di
bridge, and intermediate bridge sites, respectively.
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57 8991RELAXATION OF THE ADSORPTION GEOMETRY OF Sb . . .
since the exact geometry of a chemisorbed site was
known and a variety of structures had to be studied.

To define the appropriate clusters size the structure of
clean Si surface was calculated. The clean Si~001!231 sur-
face was represented by clusters containing one di
(Si17H20), two dimers from parallel rows (Si31H34), and four
dimers (Si53 H44), shown in Fig. 4. The parameters of th
optimized cluster’s geometry were reported in Ref. 25.
calculated atomic structures are in reasonable agreem
with other calculations.7,20,22,23This allows me to use thes
clusters as a substrate and to proceed with a covered sur
To simulate the covered Si~001! surfaces a Si15H20Sb2 clus-
ter for a Sb/Si~001! surface was used. Our study of the re
tive stability of cave and valley bridge sites showed that
cave site for adsorption of K is the most stable one.25 To
represent the K/Si~001! surface a Si31H32K cluster was used
~Fig. 5!. For all clusters asymmetric Si dimers were assum
as a starting geometry. All broken bonds~except the surface
dangling bonds! were saturated with hydrogen atoms. The
Si, Sb, and K atoms were allowed to relax to minimize t
total energy of the cluster. Hydrogen atoms were fixed
their positions during geometry optimization to simulate t
rigid bulk.

In the cluster geometry,C2V symmetry was assumed t
reduce the amount of calculations. The symmetry used
stricted to some extent the geometry relaxation. A test st
for large clusters using low symmetry (Cs and Ci) showed
that this limitation does not significantly affect the results

B. Tip model

The resolution of the STM images depends crucially
the tip. The ideal STM tip, giving the maximum resolutio
is a point source of the current. A more realistic descript

FIG. 4. Ball-and-stick models for the clusters representing
clean Si~001! surface. Panel~a!: the one-dimer Si17H20. Panel~b!:
the double-dimer Si31H32. Panel~c!: the four-dimer Si53H44.
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should include the detailed tip structure. However, the ac
atomic structure of the tip is usually unknown. An adequ
tip model is, thus, dictated by the problem to be solved.
the present study the key quantity is the distribution of
electric field induced by a biased tip. It was shown26,27 that,
for this purpose, the STM tip can be considered as a m
plate with a small cluster on it. When bias voltage is appl
between the tip and the sample, the body of the tip induce
uniform electric fieldE0, which is defined by a macroscopi
configuration of the tip-surface system. The small clus
causes an enhancement of the electric field just below
whose spatial distribution as well as the magnitude are
fined by the tip-sample geometry at the microscopic lev
The field enhancement can be estimated as follows: A c
sically defined potential of a charged hemisphere on a c
ducting plane is given by

F~r !52E0zS 12
r 0

3

r 3D , ~1!

whereE0 is the uniform field far from the hemisphere,r 0 is
the radius of the hemisphere,r is measured from the cente
of the hemisphere,z is the direction perpendicular to th
plate, andr is the direction parallel to the plate (r 25z2

1r2).
Thez projection of the electric field is, thus, thez deriva-

tive of the potentialF(r ):

Ez~z,r!5E0S 12
r 0

3

r 3 1
3z2r 0

3

r 5 D . ~2!

The field enhancementd0 below the hemisphere at a distan
A is

d05S Ez~A,r50!2E0

Ez~A,r50! D . ~3!

e

FIG. 5. Ball-and-stick models for the clusters representing
covered Si~001! surface. Panel~a!: the Si15H20Sb2 cluster represent-
ing the Sb/Si~001! surface. Panel~b!: the Si31H32K cluster repre-
senting the cave adsorption site in K/Si~001! surface.
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8992 57ANNA POMYALOV
The nonuniformity of the electric fieldd1 can be described
by a lateral variation of theEz on the interatomic distance
a:

d15S Ez~A,r5a!2Ez~A,r50!

Ez~A,r50! D . ~4!

For the geometry shown in Fig. 6d05(2r 0
3/A3!/~112r 0

3/A3),
d15d0@(114a2/A2)5/2211a2/2A2)]/(114a2/A2)5/2.

There are two extreme cases:
1. r 0'A@a ~blunt tip!. For r 0510 Å , A515 Å, a55

Å one findsd050.24 andd1 50.01. The field enhancemen
in the vicinity of the apex is not small, but can be conside
as uniform. Therefore, the total field isE01DE, with DE
constant.

2. A@r 0'a ~the tip with a single atom at its apex!. For
r 052.5 Å, a55 Å, andA57.5 Å one findsd050.07 andd1
50.09. The field enhancement is nonuniform, but small a
hence may be treated in the framework of the first-or
perturbation theory with the perturbation potentialf(r )
5E0zr0

3/r 3.
The external electric field penetrates substantially into

semiconductor. To correctly estimate the electric fieldE0
produced by the tip in the vacuum region, the buffering r
of the semiconductor bulk should be considered. For a t
neling distance of 5 Å and a bias voltage of –1 V applied
n-type silicon without surface states with a doping level
131018 cm23, E0 is estimated as 0.12 V/Å.25 Therefore, the
relevant range of the electric fields induced in STM expe
ments on a Si~001! surface is60.120.3 V/Å.

C. Method of calculation

As already mentioned, the optimized geometry and en
getic properties of the clusters should be calculated on aab
initio level. To this end, I used anab initio all-electron nu-
merical total-energy method, the so-called ‘‘DMol,’’28–30

based on density-functional theory~DFT!. The Hedin-
Lundqvist/Janak-Morruzi-Williams local correlation31 and
the Becke gradient-corrected exchange functionals32 were
used. The convergence criterion was 131026 Ry for the
energy and 131023 Ry/~a.u.! for the energy gradient. For a
atoms, a double numerical basis set with a frozen-core
proximation for the 1s2s orbitals of Si and the 1s2s2p or-
bitals of Sb and K was used. The integration grid for m
lecular orbitals was generated in a spherical pattern aro
each atomic center.28,33 Radial integration points were take

FIG. 6. Tip-sample geometry — the vacuum region.
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from nucleus to an outer distance of 10 bohr. Angular in
gration points were generated at each of the radial po
using Gaussian quadrature schemes.34–36In the present work
the integration grid with about 1000 points per atom w
used. The uniform external electric field was entirely i
cluded in the calculations of the self-consistent potential.

III. FIELD-INDUCED GEOMETRY RELAXATION

A. Effect of the uniform field

To study the effect of an uniform external electric field o
the geometry of the clean, Sb-, and K-covered Si~100! sur-
faces, the clusters were reoptimized in the presence of fi
of strength6 0.1, 6 0.2, and60.3 V/Å. The field was
applied normal to the surface, the positive direction point
out of the surface.

It was found that the adsorption geometry significan
changes upon application of the field. The changes in
equilibrium position of the adsorbed atoms upon appl
field were discussed in Ref. 25. The effect, however, is m
complicated and involves also substrate atoms. The dif
ence in the response to the applied field between the diffe
adatoms and the underlying Si layer is remarkable~Figs.
7–9!.

In the clean surface, the dimer atoms are shifted in thz
and y directions ~Fig. 7!. The relaxation of both atoms i
quite small, being larger for the upper dimer atom. It resu
in an increase of the dimer buckling for a negative field a
a decrease for the positive. This small change in the dim
structure, however, results in charge transfer within
dimer.

The relaxation of the Sb dimer is asymmetric with resp
to the field polarity. In the negative field both the Sb dim
and the underlying Si dimers are almost unaffected. In
positive field the Sb dimer is pulled out of the surface. The
atoms are also shifted~Fig. 8!. The Sb dimer bond and Sb-S
bond lengths slightly increase, whereas the distances
tween the first-layer Si atoms decrease. Changes in the
and Si positions are of the same order as in the clean sur
surface.

As for the K/Si~001! surface, the changes in the K ato
positions are an order of magnitude larger than those of
clean Si dimers. The asymmetry in the action of the fields
different polarities is also present. Unlike the clean Si~001!

FIG. 7. The field-induced geometry relaxation of dimer atoms
the clean surface. Dimer atoms are shaded. Here and in Figs. 8
9, the direction of the field and atom displacement are shown
arrows. The bond force constants are indicated near the corresp
ing bond. Actual values ofDz andDy for different fields are given
in Table I,k is given in Table II.
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57 8993RELAXATION OF THE ADSORPTION GEOMETRY OF Sb . . .
surface, the buckling of the dimers increases for both fi
polarities ~Fig. 9!. The K-Si and Si dimer bond length
changed significantly with the field.

The direction of the relaxation for different atoms
shown in Figs. 7–9. PositiveDx, Dy, andDz denote relax-
ationout of the centerof the clusters, negative values deno
relaxationtowardsthe cluster center. The absolute values
the displacments are given in Table I.

One would expect the direction of the relaxation of t
atoms to be defined by their effective charge. The up
dimer atom in the clean Si surface is negatively charg
because of charge transfer in the buckled dimer. Sb an
atoms are positively charged. Although the charges cha

FIG. 8. The field-induced geometry relaxation of dimer atoms
the Sb/Si~001! surface for the positive field:~a! side view,~b! top
view. Black circles denote Sb atoms, shaded circles denote S
oms.

FIG. 9. The field-induced geometry relaxation of dimer atoms
the K/Si~001! surface. Large shaded circle denotes the K ato
small shaded circles denote the upper Si dimer atoms. Open ci
denote Si atoms that do not move during relaxation.
d

f

r
d
K
ge

with the field, for these atoms, indeed, the direction is d
fined by the relative sign of the effective charge and
external field. For the underlying Si atoms, however, the
rection and the magnitude of the displacement cannot
explained by a simple action of the electrostatic force.

To clarify this point I used the following procedure. Firs
the elastic properties of the surface in the vicinity of t
adsorbed atoms were defined. The force constants for di
ent bonds were calculated. To this end, the surface at
were manually displaced~one atom at time! by Dz560.1 Å
from their equilibrium positions. Then the restoring forc
acting on all atoms of interest were analyzed. The for
were calculated as gradients of the total energy. The pro
dure was repeated for both dimer atoms on a clean surf
the Sb dimer and underlying Si atoms, and the K atom w
two dimer atoms~atoms related by symmetry were displac
together preserving the total symmetry of the cluster!. The
constants are listed in Table II.

Next, the forces induced by the electric field60.2 V/Å in
the zero-field structures were calculated. Then all atoms~ex-
cept hydrogen atoms! were allowed to relax and the evolu
tion of the forces induced on all atoms of interest was f
lowed during geometry relaxation.

Consider first the adsorbed atoms. The external field
duces significant forces on these atoms. The net displ

f

at-

f
,

les

TABLE I. The field-induced displacements for different atom
~in units of Å!. PositiveDx, Dy, andDz denote relaxationout of the
centerof the clusters, negative values denote relaxationtowardsthe
cluster center.

E ~V/Å !

20.3 20.2 0.2 0.3

Clean Si~001!
Si1 Dz 20.05 20.03 0.03 0.05
Dy 20.03 20.02 0.03 0.05
Si2 Dz 20.02 20.01 0.01 0.02
Dy 0.01 0 20.01 20.02

Sb/Si~001!
Sb Dz 0 0 0.03 0.05
Dy 0 0 0.01 0.02
Si Dz 0 0 0.01 0.02
Dx 0 0 20.01 20.02

K/Si~001!
K Dz 20.23 20.17 0.22 0.41
Si1 Dz 0.1 0.1 0.06 0.08
Dy 0.06 0.05 20.03 20.05

TABLE II. The calculated bond force constantsk ~in units of
eV/Å2) for Sb/Si~001! and K/Si~001! surfaces. The bonds, to whic
the force constants correspond, are defined in Figs. 7–9.

Surface k1 k2 k3 k4

Clean Si~001! 5.4 5.2 1.1
Sb/Si~001! 4.8 5.4
K/Si~001! 0.22 2.12 1.74 5.2
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8994 57ANNA POMYALOV
ment is a result of the competition between the electrost
force FE and the restoring elastic forcesFk . The displace-
ment is small for Sb ('0.03 Å!. In contrast, for K even
moderate electrostatic forces of about 0.05 eV/Å caus
displacement of 0.15–0.25 Å.

As for the underlying Si atoms, their relaxation is pr
dominantly defined by the elastic interactions with displac
adatoms. For Sb/Si~001! it results in a smallupward dis-
placement of about 0.01 Å despite the effective nega
charge of Sb atoms. The effect is especially pronounced
Si dimers in the K/Si~001! surface. Here, the dimer bucklin
increases for both polarities of the field due to the displa
ment of the Si1 atom ~see Table I and Figs. 8 and 9!.

The electric-field-induced changes in the bond leng
and the relative height of the adsorbed atoms and the
strate affect the local electronic structure in the vicinity
the adsorbed atoms. As both the atomic and the local e
tronic structure of the surface contribute to the formation
the STM images, the appearance of the adsorbed atom
images may be changed by the electric field. This effect
been discussed in detail elsewhere25.

B. Sharp tip — the effect of the nonuniform field

The atomically resolved STM images can be obtain
only with a sufficiently sharp tip. On the other hand, I ha
shown that the field distribution under such a tip is ess
tially nonuniform. To study the effect of the field gradient o
the surface atomic and electronic structure, I used a mo
potential for a sharp tip defined in Sec. II B. The perturbat
potential is well localized and quickly decreases with t
distance. This allows me to use the same clusters as w
used for the calculations with the uniform field, at least fo
perturbation located close to the center of the cluster.

To estimate the possible changes in geometry cause
the nonuniform field component, I have evaluated the for
acting on different atoms due to distortion of the poten
well. The potential surface of an atom near the equilibriu
position can be described by a Hooke’s law potential37 c
5kz2/2 with the coefficientk set to the effective force con
stant of the corresponding atom. The effective force c
stants, including the contributions from all relevant bon
were calculated using the bond force constants~see Table
III !.

Next, I checked whether the effective force constants
adsorbed atoms can be considered as field independent i
range of the fields used in this work. To evaluate the d
placementDz ~caused by the uniform electric fieldE0) I
used the condition of mechanical equilibrium:k0Dz
5Fel(E0). Here k0 is the zero-field force constant an
Fel(E0) is the force, applied to the unrelaxed atoms by
external field60.2 V/Å. Then, the ‘‘exact’’ displacement
were calculated using anab initio geometry optimization.

TABLE III. The calculated effective force constantsk ~in units
of eV/Å2) for different atoms.

Clean Si~001! Sb/Si~001! K/Si~001!
Si1 Si2 Sb Si K Si1 Si2

keff 5.2 5.4 5.1 5.4 0.25 2.2 5.2
ic
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The two displacements agree within 0.01 Å. Thus, in furth
analysis the zero-field force constants were used.

Using the calculated effective force constants, I ha
studied the dependence of the shape of the atomic pote
on the nonuniform component of the electric field. Consid
a Hooke’s law potential in a nonuniform field:

U~r !5U01
kr2

2
2qE0zS 12

r 0
3

~r 2r 0
tip!3D , ~5!

whereU0 is an arbitrary chosen well depth,k is the effective
force constant,q is the effective charge of the atom,E0 is the
uniform field strength,r 0 is the radius of the tip apex, andr 0

tip

is the position of the apex center relative to the atom po
tion. For a particular atom@characterized byk and q(E0)#
and a particular tip size and position, the shape of the po
tial surface depends only on the electric field strengthE0.
Throughout this section I have usedr 052.5 Å and r 0

tip

56.5 Å.
The potential surface of both Si dimer atoms in the cle

surface is only slightly tilted even by a relatively strong fie
~see Fig. 10!. A small nonuniform field component hardl
affects the atomic position for both polarities of the field.

FIG. 10. The cross sections ofU(z,r) for a Si atom in a clean
Si~001! surface~normal to the surface!, which show dependence o
the potential on the nonuniform electric field with an asympto
strengthE0560.5 V/Å ~solid line: no field, dotted line:E050.5
V/Å, dashed line:E0520.5 V/Å!.

FIG. 11. The effect of the electric field on the potential for a
atom in the Sb/Si~001! surface. The cross sections ofU(z,r) for a
negative field~a! and a positive field~b!. Here, and in other figures
numbers correspond to strengthsE0 in the asymptotic region.
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As I already mentioned there is an asymmetry in the
tion of the field for the Sb atoms. In the negative field t
effect of the small nonuniform component of the field
negligible. The equilibrium position is the same for both t
uniform and nonuniform fields. In the positive field@Fig.
11~b!# the desorption barrier is lowered, but the potent
surface near the equilibrium point is still hardly affected.

The K atom is the most sensitive, as was found in the c
of a uniform field. There is a strong asymmetry in its r
sponse to fields of different polarities. In the negative fie
~Fig. 12! the equilibrium point is shifted towards deeperz
with increasing field and the potential barrier for desorpt
increases. Nevertheless, the shift of the equilibrium poin
small even for a strong field (20.5 V/Å!. On the other hand
an increasing positive field~Fig. 13! lowers the barrier for
desorption. A field of the order of10.5 V/Å opens an escap
channel for the atom. Thus, a sudden increase of the
induced field may cause selective desorption of the K at
In the normal operation regime of the STM (E'0.2 V/Å!,
the changes in the equilibrium point position are small@Fig.
13~d!#.

Such a small displacement can be estimated using
simplified potential@Eq. ~5!#. To this end, I calculated the
gradient of this potential at positionz, corresponding to the
equilibrium position of the atom in the uniform fiel
E0560.2 V/Å. The resulting displacements are negligib

FIG. 12. The effect of a negative electric field on the poten
for a K atom in the K/Si~001! surface. Panel~a!: The cross sections
of U(z,r) normal to the surface, showing dependence of the po
tial on the nonuniform electric field. Panel~b!: the cross sections o
the potential surface forE0520.2 V/Å ~dotted line — no field;
dashed line — uniform fieldE0520.2 V/Å; dashed-dotted line —
nonuniform field with an asymptotic strengthE0520.2 V/Å!.

FIG. 13. The same as in Fig. 12, for K atom in the K/Si~001!
surface in the positive field.
-
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for clean Si and Sb/Si~001! surfaces. For K/Si~001! the ad-
ditional displacement is also small:20.01 Å for 20.2 V/Å
and10.03 Å for 10.2 V/Å.

To illustrate the effect of the apex size on the equ
brium position of an adsorbed atom, I used an example
K/Si~001! ~Fig. 14!. As shown in Sec. II B, the nonuniform
field distribution approaches that of the uniform field up
increasing the apex radius. For a negative field@Fig. 14~a!#
the apex size does not affect much the potential shape. H
ever, for a positive field, the effect is significant@Fig. 14~b!
and 14~c!#. The desorption barrier increases with increas
r 0, even for a strong field~0.5 V/Å!. The equilibrium posi-
tion is shifted towards its position in the uniform fieldE0
1DE ~see Sec. II B!.

IV. CONCLUSION

In the present work, I have explicitly accounted for th
electric-field-induced relaxation of the atomic structure
covered Si surfaces. It was found that the adsorption ge
etry of Sb and K on a Si~001! surface is significantly affected
by the external electric field. The relaxation of the Si dime
in the vicinity of the adsorbed atoms was found to be go
erned by elastic interaction with the displaced adsorb
atom, and differs from relaxation of the clean Si surface. T
force constants corresponding to different bonds and the
fective force constants for adsorbed atoms were calculat

The uniformity of the field distribution~defined by the
size of the STM tip! does not affect significantly the change
in adsorption geometry. However, for the field-sensitive s
faces, an extremely sharp tip may cause a selective des
tion of the adsorbed atoms.

l

n-

FIG. 14. The effect of the apex size on the potential well for a
atom in K/Si~001! surface. The cross sections ofU(z,r) ~normal to
the surface! in the nonuniform field are shown with an asymptot
strength~a! E0520.2V/Å, ~b! E050.2 V/Å, ~c! E050.5V/Å. In
each panel, a dotted line denotes a zero-field surface; dashed
r05`; solid line: r 052.5 Å; dashed-dotted line:r 053.7 Å; dashed-
dot-dot line:r 055.0 Å.
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