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Influence of the tip-induced electric field on the STM contrast of chemisorbed ¢H,
on the S(001) surface
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We present a first-principles calculation for théil) surface on which ethylene moleculés,H,) 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 microsco$TM) 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(@d)Siurface
with and without adsorbed £, 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.[S0163-18207)08615-3

I. INTRODUCTION (i.e., when the tip is sufficiently close to the surface to form
a kind of bonding with it, the electronic and atomic struc-
Scanning tunneling microsco@®TM) (Ref. 1) is now a  tures of both the tip and the surface can be highly distorted.
well-established tool for probing conducting surfaces and obThis can lead to images which cannot be understood in the
taining real-space images of such surfaces at the atomiontext of the Tersoff-Hamann approximatioror ex-
scale. A number of studies have been performed on silicoAMple, Doyenetal. have shown that such a strong tip-
surfaces and more especially on the reconstruction of th&8mple interaction can lead to contrast inversion in STM
Si(001) surfacé? Futhermore there have been a number ofmages of metallic surfacéslt should also be noticed that
studies concerning the interaction of small organic moleculed1€re is another class of problems for which the STM images
(such as acetylene, ethylene, propyleméth silicon sur- cannot always be described within the Tersoff-Hamann ap-

faces. Such studies are important for the understanding of tt%é%émaggg'ura?'zassggig tgeeté?ézag;]p{ﬁecigfnml;ugsﬁgc\é'aas
adsorption mechanisms as well as for practical application P P P '

(e.g., silicon carbide films obtained by chemical vapor de o' example in Ref. 7.

.t'.g" F | i st dy ‘ q bp M P However, even when the tip-sample distances are such
sition). For example, a recent study periormed by Vayn€y, ;i the tip-sample bonding is small, some other effects have
et al. concerns the chemisorption of ethylef@®,H ,) on the

- 4 . a crucial role. For example, the tip-induced electric field,
Si(001) (2x1) surface® STM images of both the filled and long ranged as compared to the tip-sample bonding, may

empty states have been obtained. A detailed analysis of theggye a non-negligible influence on the electronic structure of
images led to the identification of the surface dimers, thehe sample surface. This is especially so on semiconductors,
adsorbed molecules and other surface defeitgparticular,  for which a finite bias has to be applied before any tunneling
it was shown that the ¢H , molecules appear slightly darker can take place. The influence of an external electric field on
than the clean silicon dimers when tunneling out of the surthe electronic structure of surfaces has already been studied
face (e.g., in the STM images corresponding to the surfacéy a number of workers. For example, Lam and Needs have
filled state$. At first sight the fact that the molecules depos- studied the screening of electric fields at the(14ll) and
ited on the S001) (2% 1) surface appear darker than the Al(001) surface$ Neugebauer and Scheffler have investi-
bare dimers themselves is surprising. gated the adsorption-desorption of alkéla,K) atoms on
However it is now well recognized that STM images arethe Al(111) surface’ Huanget al. have analyzed the elec-
influenced not only by the atomic structure at the surface, butronic charge polarization of the ®01) surface due to the
also by the atomic and electronic structure of the whole tuntip-induced electric field® and more recently, Hirose and
neling junction(i.e., the sample surface, the adsorbates if anyTsukada have developed a model to study a STM-like junc-
are present, and the jipln principle the tunneling current tion under strong field and current. They applied this model
between the tip and the sample is dependent on the indte treat atom extraction in a Na/Vacuum/Na junctiband to
vidual electronic structure of both the tip and the surface andtudy the current distribution and the barrier height between
also on the tip-sample interaction, in the sense that the presn aluminium tip and a silicon surfaée.
ence of the tip close to the surface should modify the elec- In the present work, we study the influence of the electric
tronic structure of both systems. Several authors havéield for different reasons: we wish to understand in which
pointed out that when the tip and the sample interact stronglgonditions the tip-induced electric field can influence the
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STM contrast, and in particular why €l , molecules appear The use of local projectors permits one to obtain a general-
dark on the SDO01) surface. In order to understand such ef-ized separable form for the nonlocal potentiishis ap-
fects, we investigate the system in this paper usibgnitio ~ proach is similar in some ways to the separable non-norm-
total energy and electronic structure calculations. A brief reconserving pseudopotentials introduced by Vandetbit,
port on part of this work has already been submitted forbut contains additional freedom for the atomic potential to
publication®® adapt to the environment of the atom.

The paper is organized as follows. In Sec. Il, #ieinitio The calculations are carried out in the framework of the
method we use is presented in more detail, and the geometigcal density approximatidfi to density functional theofy
of the system is described. The results obtained for the barésing the Perdew and Zung®rparametrization of the
Si(001) surfaces and for the adsorption of the ethylene mol€xchange-correlation energy obtained by Ceperley and
ecule are described in Sec. IIl. Preliminary STM calculationsAlder** We use two projectors for the silicon atom as well
are also presented in this section. In Sec. IV, we will see th@s for the carbon atom correspondingstandp states(with
necessity of including the effects of the tip-induced electrican augmentation radius, of 0.50 a.u. for the silicon and
field on the surface wave functions in order to understand th8.186 a.u. for the carborand one projector for the hydrogen
STM contrast mentioned previously. The modifications toatom (with anr of 0.186 a.u. The method of calculating
the total energy method implied by the presence of the eledhe projectors and partial wave functions is described in Sec.
tric field are also shown in this section. Sections IV B andV! of Ref. 14. Note that all the projectors used in this work
IVC summarize the results obtained for the cleaf0®l) are norm conserving. Finally, the ground-state atomic and
surface and the surface on which ethylene molecules are delectronic configurations for the system are obtained via the
posited. STM images consistent with the experimental reCar-Parrinello methoé It should be noticed that, for such a
sults are present in Sec. IVD. Finally we summarize themethod, the use of a separable form for the nonlocal poten-
most significant results we have obtain&ec. \J. Addition-  tial is essential to reduce the computational effort.
ally, in the appendix we clarify the relationship between the The calculations are performed in a supercell
present calculations and the macroscopic electrostatics for (@4.51x 14.51X41.04 a.u. containing 40 atom#46 in the

dielectric slab in periodic boundary conditions. presence of adsorbed ethylgn#/e use the experimental cu-
bic lattice constant of 5.43 A. The 32 silicon atoms form an
Il. METHOD eight-layer slab with four atoms in each layer. Consequently

the corresponding vacuum gap between the periodic images
In this study, we use the all-electron projector-augmentedof the silicon slab is approximately 11.6 A. This is large
wave (PAW) method recently developed by Bal.** This  enough to include an adsorbed ethylene molecule on the sur-
method goes beyond the pseudopotential method by using a8ce without introducing significant interactions between
augmented-plane-wave basis set which includes explicitlgjabs in the total energy calculations.
the difference between the truall-electror) and pseudo- The bottom silicon layer is fixed to the corresponding
wave functions. The total all-electron wave functiph) is  bulk atomic positions and each Si dangling bond is saturated
taken to be equal to the smooth pseudowave fundtibp  with a hydrogen atom. We are able to study thos@GSi
expanded in plane waves plus a one-center correction ternreconstructions which are commensurate with our supercell;
in the present case, these are the<(@ symmetric and
— T Ry _ | 2R\ /SR buckled (or asymmetri¢ dimers and thep(2x2) buckled
) |\II>+LER (5> =18 N (pr). @ dimer patterns. It is well known that other surface recon-
structions, with larger periodicity, have been observed by

The correction term is the sum of the difference betwee TM2 However, we do not consider them in the present

localized partial wave functionfp?’) (including the nodal study becausei) the short-period reconstructions are sup-

strupture of the full nge function, glsoN%aIIed all-electron posed to be among the energetically most stable atomic
partial wave and partial wave functionfp;’) correspond-  configuration& and(ii) the interaction between the adsorbed
ing to the nodeless pseudowave functiofseudopartial molecule and the surface is very localized, so the long-range
waves. The sum is performed over atomic sitBsand an  order in the reconstruction is not expected to be important.
index i representing the angular momentum values of the |n order to test the convergence of the calculations, we
partial wave functions. Note that it is possible to have morehave used different values for the plane-wave cutoff energy
than one partial wave function for the same angular momenranging from 8 to 25 Ry and Samp|ed the Corresponding
tum. The partial wave functior|g?) and|¢jR> are supposed Brillouin zone with one or fouk points[the " point or four

to represent a complete expansion, within an augmentatiok points from the irreducible part of the surface Brillouin
sphere centered at the atomic sie of the full [¥') and  zone:k;=(0,0),(w/a,0),(0m/b),(m/a,w/b)], wherea and
pseudowavéW) functions respectively. The all-electron and b are the supercell sizes in the surface plane. The highest
pseudopartial waves coincide outside the augmentation rgplane-wave cutoff energi25 Ry) is more especially used for
gion. Each individual term in the correction sum is weightedthe calculations in the presence of the ethylene molecule.
by the scalar product of the corresponding projector functionrhis value is needed to be able to describe well the short
[pR) and the pseudowave function. The projector functionsstrong C-C bond in the molecule.

are constructed so as to be orthonoritveith respect to the

indexesi andR) to the corresponding pseudopartial waves: . RESULTS

RI~R R In this section we present the results we have obtained for
(P |¢j >:5ij ' (2 the bare silicon surface and for the adsorption of ethylene



55 INFLUENCE OF THE TIP-INDUCED ELECTRIC FIED . .. 10 083

Ex - Eunrelaxed
'150 T T T T T T T
= a)
2,
& -160 | * .
O
c
w
c
g 170 .
€
S C—x = asym p(2x2)
% -1.80 - SO—Ox =sym (2x1) |
g +-+x = asym (2x1)
a FIG. 1. (a) dimer formation energyenergy
1.90 ! A | ; . ! . difference between the reconstructed and unre-
7 8 9 10 n 12 13 14 15 constructed surfageand (b) “buckling” energy
E -E (energy difference between the asymmetric dimer
0.00 asymx  Tsym (2x1) and symmetric dimer configurationsersus the
0 T T T
b) ' ' ' ' plane-wave energy cut off.,,. The open sym-
| bols were obtained with thE point only, and the
-0.02 - filled symbols with fourk points parallel to the
< surface.
— -0.04 i
=
= C—Ox = p(2x2)
& 006 +x = (2x1) 1
[+1] 4
c I [ ] S
Y- .
-0.10 | ]
X 1 i 1 1 1 1 1
0.12 7 8 9 10 11 12 13 14 15

Ecut-off [Ry]

molecules on the 8)01) surface. Finally from the electronic p(2x2) dimers are energetically more stable than the sym-
structure of the relaxed £ ,-Si(001) system, we derive a metric (2x 1) dimer, with slightly smaller total energy val-
STM calculation in order to understand the experimental obues for thep(2x 2) configuration. These results are in good
servations. agreement with others in the literatiff®*We have verified
that the atomic relaxation is not crucial for the energy values
_ shown on Fig. 1. For example, a full relaxation of the sym-
A. The bare SK(001) surface metric (2x1) structure, obtained foE.,=12 Ry and the
Our purpose is neither to perform a complete and detailedame criterion on the final force values as previously, lowers
analysis of all the possible ®01) surface reconstructions, the total energy only by a small amourt8.5 meV/dimey
nor to settle the controversy about the relative stability of allwhich is close to the limit of resolution of the present
the different Sj001) dimer configurations. We consider only method. Furthermore the asymptotic limit of the energy dif-
three different dimer configurations: the X2) symmetric ference between the asymmetric and symmetric dimers
and asymmetric dimers and tp€2x 2) asymmetric dimers. (=~—0.10 eV/dime) is the same as that obtained by Dab-
The two latter asymmetric configurations are the most comrowski and Schefflet? The final dimer bond lengths we ob-
monly observed by STM even though the4x 2) configu-  tained are respectively 2.21, 2.23, and 2.24 A for the sym-
ration has been also observetiowever it has been recog- metric (2x1), asymmetric (X1), and p(2x2) dimers,
nized that thee(4x 2) andp(2X 2) are almost degenerate. about midway between the single and double Si-Si bond
First we determine the fully relaxed electronic and atomiclengths. The values for the buckling angles are 12° and
structures for the three different dimer configurations using=16° for the asymmetric (2 1) and p(2X2) configura-
the plane wave cutoff enerdy. =8 Ry andI'-point sam- tions. These values are in qualitative agreement with the lit-
pling. The relaxation of both the electronic and atomic de-erature but slightly different from those obtained by Dab-
grees of freedom is obtained by introducing a damping factorowski and Scheffler.
in the Car-Parrinello equations of motion. The relaxation is
stopped when all components of all the forces on the atoms

are smaller than 510~ * Hartree/Bohr &26 meV/A). Us- B. Adsct)]rptiqn OI etgylelne m?IGC”'es
ing the resulting slab geometry, calculations are performed on the S(00) (2x1) surface
for higher E values and improve&-point sampling. The The detailed calculations of the adsorption of the ethylene

results for the dimer formation energy as well as for themolecules on the 801) surface have been already de-
energy difference between asymmetric and symmetriscribed elsewher@. Let us recall the main results that have
dimers are shown on Fig. 1. The asymmetric<(2) and been obtained. The authors consider tH®@®D) surface with
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Constant current surface Hamann approximationand can be used with the self-
consistent potential and wave functions obtained fraim
initio calculations. In this model, the measure of the tip-
sample tunneling current is taken as the time-averaged rate
of electron transfer between two electronic states, localized
on either side of the tunneling junction. In principle, this
method can be related to scattering approaches for the tun-
neling current developed by other authors if the initial and
final states are correct asymptotic scattering states. Given
that an electron is initially in the stafé), the time-averaged
tunneling current into a final staté) is expressed 45

772 Mi

| dE[GH(E+in)?, (€)

j=2e
Mt

where u; and u; are the electrochemical potentials of the
initial and final states respectivelyy=7/27 (7 being the
averaging timgand G;; is the Green’s function matrix ele-
ment connecting the initial state to the final state. For a given
energy the corresponding time-averaged differential conduc-
tance may be written as

= - _ 2¢? | ~
FIG. 2. Constant current scans above the surface unit cell E)=— »2G.(E+in)? 4
obtained for zero electric field. The normalizeg,/(2e?/h) value o(E) h 7 |Gl . @

is 1X10 4. V=(u;— u)/e~0.9 V. The “tip-sample” distance& . .
is given in A and corresponds to the position of the center of theThe factor of 2 arises from the electron spin. The advantage

Gaussian final state. For the definition of this distance sed$ext. of the method is that the Green’s function can be determined

IV C). Note that forz=0 (Z~2.4 A) the final state is located at the {FOM the(Kohn-Shan’lS) single-particle eigenstatés) of the
same height as the upper atom of the clean difasrthe hydrogen SyStem whose eigenvalues dg. Therefore the Green's
atoms of the ethylene moleclileThe image shows that the mol- function matrix elemenGy; is expressed as usual by
ecules appear brighter than the bare dimers. )

5. e (i) .
an asymmetricp(2X2) dimers reconstruction and one i n E-E, °
C,H, molecule in the unit cell which corresponds to a cov-
erage rate of 50%. The fully relaxed calculations performec{
for E; =25 Ry and thd-point sampling show that the eth-

n principle, the|n) are the eigenstates of the supercell con-
aining the surface slab, the adsorbed molecule and the tip.

ylene molecuie adsorbs on top of the dimer. This situatio owever, as a first step of calculation and in order to reduce

corresponds to the minimum total energy configuration he computational time, we introduce some approximations.

where the C-C bond of the molecule lies parallel to the Si-S Irst we consider only the eigenstates of the supercel| con-
aining the surface slab and the adsorbed molecule. How-

dimer bond underneath as shown on Fig. 2 of Ref. 13. In thi

case, the hybridization of the carbon atoms changes fromi o note that a part_of the tip potential will be_ includ_ed in
si? (free ethylene moleculeto sp® with a corresponding some of our calculationgésee Sec. IVID The differential
increase of the C-C bond length from 1.33 to 1.53 A An_conductance is calculated for a setMdf different energies

other important point is that even although the dimer beneatﬁ'“ relevant for the experiments, i.e., close to the top of the
the adsorbate is almost fidtuckling angle of~1°) and the valence band. Then these conductance values are summed
dimer bond length is large2.286 A than the Si-Si bulk V&' the correspo_ndlntg ener?y':/r\]nndqﬁ/iE=Mli—yf=EeV3tc.)

bond length, the dimer bonémains intact The other dimer J1V€ _@n  approximation of the integral in Eq(3):

in the unit cell is only slightly affected by the presence of the | =Va=VZ,0(E,)/Ng . Finally, inherent to the model,
adsorbate. It is still tiltedbuckling angle of 9.6°) and the the use of localized stat¢s and|f) is essential to obtain an
dimer bond length is slightly increasé@.248 A as com- €Xpression for the tunnel current that can be used in a super-
pared to the corresponding value in absence of the adsorbaf‘_ee." calculation(i.e., a system with perlodlc_boundary condl—_
Finally the calculated adsorption energy for a single ethylendonS- However, such states do not describe the asymptotic
molecule (1.57 eV} is in agreement with values deduced Scattering states obtained when the tunneling is viewed as a

. Y29 .
from thermal desorption measurements (16607 e\).28 scattgrlng proces$:?° In ord.er to check that our choice of_
localized states does not bias the results, we perform an in-

coherent summation of the differential conductance over a
set of randomly localized Gaussian initial states in the sub-
In order to understand the origin of the contrast observedtrate. The final statd) is chosen to be a localized Gaussian
in STM images of the ethylene molecules adsorbed on tha the vacuum region; this state moves through space as the
Si(001) surface, STM calculations have been performed. Fotip scans. The details of the method of calculation for such a
this, we use a nonperturbative method for calculating theonductance, as well as an analysis of the limits and the
tunneling current’ This method goes beyond the Tersoff- extension of the method, will be presented elsewhere.

C. STM imaging
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FIG. 3. Average over thexfy) plane(parallel to the surfageof the polarization charge densityn versus the coordinate for the clean
Si(001) p(2x2) surface ATi(z) is shown for different values of the tip-induced electric figff: (a) —0.002 a.u(0.10 V/A) dashed line,
(b) —0.004 a.u(0.21 V/A) dotted line,(c) —0.008 a.u(0.41 V/A) solid line, (d) —0.015 a.u(0.77 V/A) dot-dashed line(e) —0.020 a.u.
(1.03 V/A) long-dashed line. The dependence 0#*is also represented by a solid lifeeduced amplitude The solid vertical lines mark
the positions of the different slab layeithe extreme left one is for the hydrogen layer and the two extreme right ones are respectively for
the lower and upper Si atoms of the dimer

An example of an STM image obtained from this methodstructure and even of their atomic structure can occur. How-
for the C,H, deposited on the 8101) surface is shown on ever, according to the experimental observations, such strong
Fig. 2. These calculations reveal that, for the chosen constamodifications have not been reported in this system. Another
current value, the ethylene molecules appear higher than trffect arising from the presence of the tip is due to the dif-
bare dimers themselves. Constant-currgrsicans over the €rénce of potential existing between the tip and the sample.
molecule and the bare dimer have also been performed fo'l;h|s implies the existence of an electric field inside the tun-

different values of the conductan¢gee Fig. 3 in Ref. 13 It neling junction. For typical bias valued-3 V) and esti-

; ted tip-sample separatio(®-6 A), the values of the cor-
has been shown that the molecules always appear higher tha ' S
. SR . X . fesponding electric field vary between 0.16 and 1.00 VIA.
tmhgn?;r?egbﬂsrs which is in contradiction with the experi-""r;q tip-induced electric field will polarize the surface.

We have also verified that the electronic density of theFurthermore the value of the dielectric constant of siltfon
highest occupied statggigenstates whose energies are in-tgrrns.l?(')?) é)s(;iar:ggﬁtiaz%ofs:r Or:]gtrr?:r:(emlkv?ﬂﬁ;k?,;)ilss
cluded inside the energy windowE for which the conduc-  fom 1.33 to 1.87 fgr propene and from 1.90 {o 2.00 for
tance has been calculajeis always larger above the mol- pexane as the temperature vadk€onsequently we expect
ecules than above the bare dimé any reasonable values that the silicon surface is more polarizable than the adsorbed
of the z coordinate above the surfgc&hus, images calcu- molecules. This suggests that when an electric field is di-
lated within the perturbative Tersoff-Hamann approximationrected towards the surfa¢eorresponding to the situation of
also show the molecules as higher than the dimers. In sudinneling out of the surfagethe electrons are “pulled out”
conditions, we are not able to interpret the observed contrasito the tunneling barrier in a different way for the surface
in STM images. How, then, can we understand the experiand the molecules. Starting from this qualitative idea we now
ments? investigate quantitatively the effects of an electric field on
the S{002) surface with and without deposited ethylene mol-

ecules. The method we use and the results obtained are de-
IV. PRESENCE OF AN EXTERNAL ELECTRIC FIELD scribed in the remainder of this section.

It is well known that the presence of the tip close to the
surface can play an important role for the understanding of
STM images. When the tip is very close to the surface, In order to study the influence of the tip-induced electric
strong modifications of both the tip and sample electronidield on both the electronic and atomic structures ¢0&l)

A. Method
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surfaces, we add into the calculations an external electrimonics. Note that each charge density contains the contribu-

field. As a first step of approximation, we consider a uniformtion of its respective core states. The interaction energies of

electric field lying in the direction perpendicular to the sur- V& with the different parts of the charge density are calcu-

face. Such an approximation implies that the tip’s radius oflated in different ways. The interaction withis calculated

curvature is large relative to the size of the surface celljn reciprocal space as in standard plane-wave calculations

which is not unreasonable. It should be remembered that thesal space for the associated core charge demSity The

electrostatic forces extend over much longer distances thainteraction with the one-center densitin§n® is obtained

the tunneling process. from the spherical-harmonic representation 6% around
The corresponding linearly varying external potentialeach atomic sitd, ,

must be made commensurate with the periodic supercell in

the direction perpendicular to the surfa@ehich we take as VY(r—R)) = V4mE®Yz —2Z0)Yo0
the z direction in what follow$. The procedure we adopt is Ny
equivalent to adding a double layer of charges in the vacuum VAT =R Y1 d0.0). (10

gap between the slab. The external potential is written as The generalization for any direction of the electric field is
straightforward and includes terms wity ..;. This repre-
Vi(2) =71z 20— asf(z-2)] forO=z=as, (6) sentation ofv*is reminiscent of the expression of the par-
where£®is the value of the electric field, is the position tial wave functiong ¢) and|¢) from which the one-center
of the zero of the external potential aag is the length of densities are constructed. A similar decomposition for an
the supercell along the surface normal. The functi¢n) “external” field can be found in Ref. 32.
introduces a discontinuity in the linear potential; this is nec- Similarly, additional terms for the forces on the atoms
essary so that the potential becomes periodic, as required fanust be included. The components of the force on a particu-
periodic supercell calculations. In their work concerninglar atom labeled are obtained from the following standard
atomic desorption in high electric fields, Neugebauer andxpression:
Scheffler used forf (z) the heavyside-step functidnHow- .
ever, such a discontinuous function is not accurately de- E _ IAE®™ _
scribed by a finite Fourier series necessary to perform the LY OR xyn)
calculations in reciprocal space. Hence, we have introduced
smoother function. A natural way for choosing this function
is to use the same mathematical form as for the Fermi-Dira
distribution,

Vi xy.nAE® (11

Rccording to the symmetry of the present electric field, only
{:_I"]e z component of these additional forces is nonvanishing.
owever, it can be seen that a generalization to any direction
of the electric field is also straightforward. We will see that
the additional forces can be expressed in three different con-
(7)  tributions. The first one, easy to derive, comes from the sec-
ond term in the right-hand side of E(B). It corresponds to
The parametepB permits us to adjust the smoothness of thethe force exerted by a uniform electric field on a point
function andz, is the position of the discontinuity in the case charge,
of an infinite value forB. In practice we choosg, in the
middle of the slab and, in the middle of the vacuum gap. Fiy=z& 12
Since the functionf(z) is almost equal to zero when

ﬁ(zc—]cz);]>1, we Ihavle aelinifoimeslectric field over the re- p A method as in the original pap¥rwe obtain the other
gion of the sample slabr®(z) ~¢ I(Z_ZO.)' . terms. Since the pseudocharge densgitgontains implicity
The presence of the external potential introduces add't'he corresponding pseudocore charge defitghere exists

gsgtaeln;terms in the expression for the total energy of thea force acting on this charge density,

f(Z—ZC)Z m

Following the same procedure to determine the forces for the

AEextzJ' n(r)VeXt(r)dr—E Z|V9Xt(R|). (8) I:l(,zz):_vl,zJ n(r)Vex[(r)dr, (13

[
It can be shown after a little algebra that this term reduces to
a simpler expressionF(%=—Nf¢®, where Nf= [A%(r
—R,)dr is the charge of the pseudocore of tltle atom. No
assumption on the electric field inside the core region has
been used, even if the previous result seems to imply that the
field is constant over the core region. This result can be
understood by the fact th&b the spherical-harmonic expan-

n(H)=A(r)+ni(r)—ALr). 9) _sion ofn® in_cludes qnly a purely sphericalgompongn(this

is a convenient choice since by constructidris arbitrary to

n,n"n' are the charge densities associated with the pseudgome extentand(ii) 71 is short ranged and does not overlap
wave functions|¥) (plane waveg the all-electron partial with the “fictitious” double layer of charges associated with
waves| ¢}, and the pseudopartial wavies™), respectively V. F{*) andF{% can be summed to give an effective force
[cf. Egs.(14)—(17) of Ref. 14. The partial waves are ex- on the total core charge associated to thth atom
pressed as the product of radial functions with spherical harF, ,=(Z,—N;) £ This is the standard expression for the

AE®!is the interaction energy of the external potent/a*
with the all-electron charge densitfr) and with the point
chargesZ, (atomic number or charge of the nucleus of the
Ith atom located aR,).

In the PAW method, the all-electron charge density is
decomposed into three contributions,
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Polarization charge density Polarization charge density
dimer bond (110) plane

1 ABOVE 0.00104

B 0.00085 - 0.00104 ABOVE 0.00080
0.00066 - 0.00085 0.00073 - 0.00080
E 0.00047 - 0.00066 0.00059 - 0.00073
EE 0.00028 - 0.00047 0.00045 - 0.00059
i | 0.00010 - 0.00028 0.00031 - 0.00045
EAa -0.00009 - 0.00010 0.00016 - 0.00031
&% | -0.00028 - -0.00009 0.00002 - 0.00016
B 000047 - -0.00028 -0.00012 - 0.00002
Ea -0.00066 - -0.00047 -0.00026 - -0.00012
EA -0.00085 - -0.00066 -0.00040 - -0.00026
EER BELOW -0.00085 BELOW -0.00040

FIG. 4. Polarization charge densifyn in the (110) plane along FIG. 5. Polarization charge densifyn in the (110) plane pass-

the dimer Si-Si bond. The values of the charge density contours ari@ag through the middle of the dimer Si-Si bond and the C-C bond of
given in[electron/Bohf] as in the following figures. Accumulation the molecule. The successive accumulation and depletion of charge
of charge can be seen above the upper dimer atom and chargfrm the top to the bottojrare attributed to the polarization of the
depletion below the Si-Si bonds. The value of the electric field isC-C and Si-Si bonds, respectively. Heg&'=—0.008 a.u.(0.41

&= —0.008 a.u.(0.41 V/A). The dimer Si atomic positions are V/A).

also indicated.

forces on the atomic core derived from pseudopotential @ﬁR'=2 fn(\ffn|'|5f‘>(b'?'|\ffn>, (16)
plane-wave calculation. The last term comes from the one- n
center densitiea! andn*

where |R\I'n> is the pseudowave function with occupatibn
3)_ 1 ~1 ex and [p;*) is the projector function of angular momentum
Fi%= _V"ZJ [n*(r) =R(r)IVe{(r)dr. (14) (1,m) located at the atomic sife. In the context of the PAW
method, the forcd(®) is reminiscent of Pulay-like forces.
This force is due to the change of shape of the one-centape refer to the original PAW paper for readers who are
densities as the atoms move and is derived in the same majterested in the practical way such forces are calculated.
ner as Eqs(51)—(57) of Ref. 14. The forcér (%) is expressed Including the different expressions we have derived for the
as additional terms in the total energy and forces on the ions,
we can calculate the self-consistent electronic charge density

5 RR .. R R ~Rr ~R as well as the ground-state atomic positions in the presence

Fiy= —%: V05 (] IV o) = (4 VT 8. of the external potentiaV/®.
(15

. ) L . B. Effects of the electric field on the bare Si001) surface
SinceV®{(r) is a local potential, it acts on the same atomic ] ) ] )
site R, for the all-electron partial wavh;ﬁf') and pseudopar- W? apply the results descr!bed in the previous section to
i ~R, . , ) the S(001) p(2x2) surface. First we study the influence of
tial wave|¢;"). Let us recall that the indexésand] repre- e external electric field on the electronic structure of this
sent the angular momenturh,ify) of the corresponding par- syrface. The atomic geometry for the slab is the same as that
tial wave and other additional indices, if used, to labelgptained in Sec. IllA. The calculations are performed for
diffe,rent partial waves for the same angular momentumg —8 Ry andI'-point sampling. The field is directed to-
G)iFJ-*R is a density matrix for the one center expansion inwards the surface as in a STM experiment for which the
terms of partial waves and is defined as electrons tunnel out of the surface. Different valuest®f
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have been used. They are typical for standard STM experi- A :
ments and range from>810 % to 15x10 % a.u. (0.10 to Polarization charge density

0.77 VIA). dimer Si-Si and molecule C-C bonds
We define the polarization charge densiiy by

An(r)=n(r,&>)—n(r,£>'=0). 17

However, we are mostly interested in the behavior of the
charge density outside the surface. Therefore, owing to the §s
localization of the partial waves in the augmentation region g
around each atom, the variation under the electric field of the
all-electron charge density in the vacuum is essentially given
by the total pseudocharge dendityFurthermore, in general,
the polarization of the one center densities is smaller than the
polarization charge densitAn. Figure 3 represents the
variation of the polarization charge densiyn [averaged
over the ky) plane parallel to the surfagevith respect to
the z coordinate. The main changes occur at the surfaces of
the slab. As expected and according to the sign of the electric ]  AsovE 0.00170
field, we find an increase of the electron density at the sur- [ ] ooots5-  0.00170
face and in the vacuurfand a corresponding decrease on the Bl ooot24- 000185

R . 0.00094 - 0.00124

other side of the slgabThe charge accumulation and deple- B o000063- 000094
tion at the slab surfaces can be related to a surface charge B  o0o00032-  0.00063
. . . . : B3 0.00002 - 0.00032
de_n5|ty and the correspon_dlng classical po_Iarlzatlon vector B3 ooome  ooosee
using standard electrostatics as we show in the appendix. B 000059-  -0.00029
The amplitude of the accumulation charge density peak in- B 0000%-  -0.00059
i BELOW -0.00090

creases with increasing electric field. However, the position

of the maximum of this peak is not strongly modified except — —
b gy P FIG. 6. Polarization charge densiyn in the (110) plane con-

for the highest value o&®* shown in Fig. 3. For this and . " ) s 0
higher values of the electric field another phenomenon ocaining the dimer Si-Si a.nd r.nOIecme cc bonds 56}‘__0'908
o . a.u.(0.41 V/A). The polarization of the different bond€-C, Si-C,

curs. The strong modification of the accumulation charge nd C-H can be seefisee text

peak corresponds to states which are trapped in the artificial

potential well created by the cutoff functidi{z) defined in

Sec. IVA. In the following, we always check that there areE =8 Ry and thel'-point sampling. The atomic positions

not unphysical “trapped” states for the electric field valueswere relaxed until the forces on all the atoms are smaller

we use. Inside the slab, oscillations of the polarization chargghan 7x 10~* Hartree/Bohr &36 meV/A).

density can be seen. They have a small amplitude and do not The main modifications due to the presence of the electric

strongly depend on the value of the electric figddlleast for  field are observed on the dimer atoms; the other atoms inside

the range we have considejed =~ the slab are not displacdtheir displacements are less than
In order to illustrate the modifications of the charge den-q 5 R). The upper dimer atom is slightly displaced towards

sity above the dimers, Fig. 4 represents the polarizatiog,e 4. um whereas the lower atom moves towards the slab

charge densityAn in the (110) plane containing the dimer ;
bond. There is a strong increase of the charge density abO\P%SZ?ngr?L:Q;Z;;Ezgog(émattﬁéy d(i)r.nlfr éc.)ncgz]olgzgtqﬁuseg% we

the upper dimer atom and decrease of the charge densify . o .
below the dimer bondalmost located below the lower dimer hd the buckling angle (1.9'7. ) as compared t_o_ the_ values in
et&le absence of the electric field. Such a modification of the

atom). Such a qualitative behavior has already been observ ) - .
by Huanget al1® However, note that in their calculation, buckling angle under an electric field has also been obtained

these authors did not take into account the atomic relaxatiolf! @ Sémiempirical calculation by Ramesal.34 This behav-
due to the presence of the electric field. This polarizatiorlOf IS consistent with the standard picture of charge transfer
charge density plofFig. 4 and part of Fig. bis characteristic from the partially occupied dangling bond on the lower
of the complex polarization both of the Si-Si dimerbond ~ dimer atom to that of the upper atom. This leads to a posi-
and of ther dangling bonds, and also of the polarization oftively (negatively charged lower(uppey dimer atont*3°
the bonds between the dimers and the remainder of the sufhus given the direction of the electric field, the charged
face. atoms move as we expect. The values we have given for the
Finally we have performed a fulelectronic and atomjc  bond length and the buckling angle are obtained for
relaxation calculation for the &01) p(2x 2) surface inthe ¢¥'=8Xx 10 % a.u. (=0.41 V/A). These values are lower
presence of the field. The initial slab geometry is the same adarge) for a lower (largep amplitude of the electric field.
previously. Since we are mostly interested in the modificaFinally note that the atomic displacements induced by the
tions of the atomic structure of the surface, the atomic posielectric field we obtain are larger than those calculated by
tions of the hydrogen layer and of the two silicon bottomHuanget al*° This may be in part because they estimate the
layers were fixed. Calculations were performed again foresponse of the surface to an applied force by displacing the
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Polarization charge density
60 T T T T T T T T T T T T T

An[10™ Bohr?]

. \ LI \ . . . I . . . . 1 . : . . I
13.0 23.0 33.0 43.0 53.0
Distance z [Bohr]

FIG. 7. (xy)-averaged polarization charge densky versus thez coordinate for the $001) surface on which ethylene molecules are
adsorbed. The values of the electric field &8 (i) —0.008 a.u(0.41 V/A) solid line, (i) —0.012 a.u(0.62 V/A) dotted line. Compare the
rate of decay ofAn in the vacuum to the corresponding decaying polarization charge density of the cl@an) Siong-dashed line,
&= —-0.008 a.u.

dimer alone with no additional relaxation. This procedurelaxed in the presence of the field. The polarization charge
would be expected to overestimate the stiffness of the surdensity along the plane passing through the bare dimer and
face. the plane containing the other dimer and the C-C bond of the
Finally, it should be noticed that the effects of the appliedadsorbate has been determined. The same trends described
electric field presented here are purely localized at the surmbove remain for the bare dimer. However, a more compli-
face(at the atomic scale relevant for tunneling imagiréor  cated feature appears on and near the adsorbed molecule. For
a realistic semi-infinite surface other effects also occur, SUC@xample, the polarization charge density in thé0 plane
as long-range band bending below the surface. The COMM&5assing through the middle of the Si-Si and C-C bonds is
sponding depletion lengths or screening lengths are, howshoyn'in Fig. 5. A succession of positive and negative val-
ever, very large compared with the size of our syst®/pi- o5 AT is obtained. According to the atomic positions,

cally of the order of hundreds of A, depending on the dOpan}each pair of high and low density values corresponds to the

T e ron o e wopes GP1Nalon o  bonhe S-5iand C-C bond respecivly
g the (110) plane containing the dimer and C-C bonds, the

the surface at an atomic scale. However, the screening a larizati h density sh " )
associated band bending will strongly influence the relationPo'arzation charge density Shows even more s ructiig

ship between the total bias applied to the STM and the volt®)- The accumulation and depletion of charge in the region
age actually appearing across the tunneling junction. Thi@etween the dimer and C-C bonds are attributed to the po-
point, crucial for scanning tunneling spectroscopy, has beeldrization qf the Si-C bonds themselve_s. The strong depletion
investigated recently by several different auth@ese for ex- of electronic charge located on each side of the carbon atoms
amp|e Refs. 36 and 37“‘] any case there are also further is mainly due to the pOlarization of the C-H bonds. Flna”y
uncertainties in the tip-induced field arising from the un-the lobe of charge accumulation above the molecule origi-
known tip shape and tip-sample separation. nates essentially from the polarization of the carbon and hy-
drogen atoms themselves.

The xy-averaged polarization charges densities obtained
for different values o&®! are shown on Fig. 7. An accumu-

We now investigate the effects of the electric field on thelation of charge, outside the surface, is clearly seen. The
Si(001) surface on which ethylene molecules are adsorbedpolarization charges density decays exponentially in the
We use the same atomic geometry for the slab as obtained iracuum gap as expected. However, one can see that the slope
the absence of the electric field and fag,=25 Ry (I of the decaying charge density is different for the bare sur-
point), cf. Sec. IlIB. The electronic wave functions are re-face as compared to the one for the surface supporting ad-

C. Effects of the electric field on the GH ,-Si(001) system
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(a) CDHOS Constant current surface

z=6.5 a.u.

(b) CDHOS FIG. 9. Constant currerfscans above the surface unit cell
obtained for an applied electric fielg®!'=—0.008 a.u. £0.41
z=9.5 a.u. V/R). The normalized o,,/(2€%/h) value is 1x10°* and

V= (u— us)/e~0.9 V. The “tip-sample” distancé is given in A.

The contrast is inverted as compared to Fig. 2 and the molecules
appear sightly darker than the clean silicon dimer in agreement with
the experimental results.

for two different values of the coordinate ¢=6.5 and 9.5
a.u). This corresponds to planes located in the vacuum at a
distance of approximately 3.6 and 5.2 A respectively from
the bare SD01) surface(or 1.2 and 2.8 A respectively from
the top of the GH, moleculg. The CDHOS in these planes
are represented on Fig. 8. For the lowestlue, the density
is higher above the molecule than above the bare dimer. For
the distance further away from the surfa@=0©.5 a.u) we
observe the opposite. Obviously there is a turning pajnt
above which the density on top of the bare dimer is larger
than above the adsorbed molecule. In other words, the CD-
HOS above the ethylene molecule decays faster in the
vacuum than the density above the dimer. In order to use
these results for understanding the contrast in STM images,
FIG. 8. Charge density of the highest occupied staB8HOS  we first use the simple Tersoff-Hamann picture for obtaining
in a plane parallel to the surfacé'= —0.008 a.u. The planes are  the tunneling current. It consists of taking the tunneling cur-
located in the vacuum atg) z=6.5 a.u., the molecules appear rent simply proportional to the surface electronic density at
brighter Fhan the dimers, ar((!b) z=9.5 a.u, an inversion of the energies close to the Fermi |e?/éé-g-v|tunnel is proportional
contrast in the CDHOS plots is observed. to the CDHOS. We choose a constant current value for
which the corresponding tip-sample distance is always larger
sorbates. This suggests that there is a different behavior ¢han z,,. Then it is easy to show from Fig. 8 that in the
the decaying charge density above the adsorbed molecutmrresponding constant CDHOS surface, th#1¢ molecule
and the bare dimer. appears slightly darker than the bare dimer as observed ex-
In order to clarify this point and to shed some light on the perimentally.(Note that this simple picture for STM imaging
STM contrast observed on the adsorbates, we have calculati®es not correspond exactly to the original Tersoff-Hamann
the charge density of the highest occupied st&@3HOS  approximation since we have considered the surface elec-
in planes parallel to the surface. The CDHOS is obtainedronic structure modified by the presence of the tip-induced
from the surface states whose energy lies, at the top of thelectric field) However, for the moment this interpretation is
valence band, in the energy window taken to integrate thenly based on surface electronic density considerations.
tunneling current Eq(3). The CDHOS has been calculated Therefore in order to test the accuracy of such an approxi-
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supercell
- >
+ - + -
ind |- ind - .
N Cna |- &, N - FIG. 10. Schematic represen-
N » - “ M - tation of the periodic slabs with
+ = ¢ ind + z their surface charge densities due
ind = = . -
:y\ :/-\ to the applied electric field?'
I - — - The corresponding induced elec-
N - N - tric fields in the slab&é™ and in
+ - appl + - ind
+ - § + - the vacuum gapé&,© are also
- Z N z shown, along with the contribu-
4 slab - vacuubn N - tions ¢" and ¢ to the potential
energy of an electron.
d, d, e

mation, a more detailed calculation of the tunneling currenparticular, we have been interested in the influence of the
in presence of the electric field has to be performed. This isip-induced electric field on such a contrast. The system is

presented next. investigated by mean of aab initio density functional
o o method(projector augmented wayeombined with the Car-
D. Application to STM imaging Parrinello scheme to achieve the ground-state atomic and

In order to determine the influence of the tip-inducedelectronic structures. We first showed that the experimental
electric field on the differential conductance values, we profesults, i.e., that the ethylene molecules appear slightly
ceed in a similar way to that described previousBec. darker than the clean silicon dimer in the filled-state STM
[1C). The conductance is calculated via the expression ofmages, cannot be understood from calculations done with
Eq. (4) using the eigenstates obtained in the presence of theero electric field. Consequently the tip-induced electric field
electric field, and averaged over the same set of random laand the corresponding modifications of the surface electronic
calized initial states as in Sec. llIC. The final state is Sti”structure must p|ay an important role in the tunne"ng pro-
chosen to be a localized Gaussian state in the vacuum gagss. We have performed a detailed analysis of the polariza-
moving according to the scan direction. It should be menvjon of the surface charge density with and without adsorbed
tioned that the presence of the tip is, in this case, partiallyathylene molecules. It has been shown that in the presence of
taken into account by the presence of its induced electrig tip-induced electric field directed towards the surface, the
field, which in turn polarizes the surfa¢as we have seen in glectronic states are spread into the vacuum as expected.
the previous sectionsFigure 9 represents a constant-currentowever, the response to the electric field is found to be
image of the surface unit cell. Constant current scans havg,gre important above the clean dimers than above the ad-
been also determined for different current valyés ex-  sorped molecules. This effect, combined with the particular
ample see Fig. 4 in Ref. 13The “tip-sample” distances are  gyrface topographfthe molecules are lying above the rest of
larger than for the zero-field cageven for larger current the surfack means that above a critical tip-sample distance,
values: this is to bg expected because of the f|_eld-|nduceqhe clean dimers appear brighter than the molecules in
electron spreading into the vacuum. When the “tip-sample” constant-current scans in agreement with the experiments.
distance is around or slightly above the turning papt This result opens the way for further investigations of the
defined in the previous section, the molecule appears slightlyg|e of electric fields in STM. We plan to extend our calcu-

below the clean dimer in the corresponding image. This congations to include the atomic structure of the tip, and hence
trast originates from the difference of the surface polarizationyther types of tip-sample interaction.

above the molecule and the clean dimer. The electronic

states respond more strongly to the electric field above the

dimer than above the molecule. This effect is partially com- ACKNOWLEDGMENTS

pensated by the fact that the molecule stands above the level \ye thank Dr. G.A.D. Briggs for a number of discussions
of the rest of the surface. This explains why, in Fig. 4 in Ref.gpqt his STM experimental results and Dr. P.E.dBldfor

13, the contrast is slightly inverted for smaller “tip-sample” yiding us with the original PAW code. We are grateful to
distancedi.e., larger conductance valye€onsequently we  {he Engineering and Physical Science Research Council for

propose that under such conditions, the results we have Ol%'upport under Grant Nos. GR/J67734 and GR/K80495.
tained may explain the contrast observed experimentally in

the STM images. We are not able to understand such a con-

trast by considering only surface wave functions obtained in APPENDIX: SURFACE CHARGE DENSITY
zero electric field. FOR A DIELECTRIC SLAB IN A SUPERCELL

WITH PERIODIC BOUNDARY CONDITIONS

V. CONCLUSION . . L .
In this appendix, we relate the polarization charge density

In this paper, we have studied the STM contrast of theobtained with the PAW method to the classic surface charge
Si(001) surface on which GH, molecules are adsorbed. In density induced in a dielectric by an applied electric field
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TABLE I. Values of the surface charge densities obtained fromcessive slab-vacuum separation surfaces can be recast as a
the ab initio calculation @, and estimated from classical elec- “conservation” equation for the corresponding induced

trostatics @regin) in electron/A2. field,
ind ind
e [eVIA]  owle /A2l oeumle /AZ]  error[%] dsés +d,£=0, (A3)
01029 92510~ 9.09¢ 104 2 yvheredv_ is the length of t_he vacuum region in the supercell
3 3 in the direction perpendicular to the slab surfack+d
—0.2057 1.8k 10 1.82x10 3 . . o . v
_0.4114 3,63 10-3 3.64¢10-3 5 being then the length of the supercell in this directid®om-
' ' s : . bining Eqgs.(A2) and (A3) gives the expression for the in-

—-0.7714 7.8%10 6.82x 10 15 duced field in the slab,
—1.0285 1.1% 102 9.09x 103 29

ind_ 1-¢ é_—appl (A4)

S g+dg/d, '

using standard electrostatic formalism. Let us first consider ) i )
an isolated slab of thicknesk made of a dielectric material Finally, one can define the induced surface density charge
characterized by its dielectric constant or relative permittiv-Tom the f'aelﬂj ﬂli‘n)é passing tri1nrdough a surface element by
ity €, . An applied(externa) electric field£2PP' perpendicular |‘7|/€051(§ PP & )— (¢ ¢ This gives us the final
to the slab surface induces charge displacements in the si&¥Pression of the induced surface density charge
towards the surfaces which correspond to the induced elec- e—1] 1+6
tric field inside the slabeM™ (the so-called depolarization lo|=— 118
field). The relation between the applied field and the induced er
field, obtained form the boundary conditions at the slab surwhere 6=d;/d,. It is worth noticing that Eq.(A5) is
face, isél=(1—¢,)/€,£%. Sincee, is always greater than equivalent to Eq(A1) if we replace the applied field by the
unity, the induced field is opposite to the applied field aseffective  applied ~ field 8= gaPPly £Nd= (14 5)/
expected. Using Gauss’s law, one finds the expression for thel + &/ €,) £¥P'= a €2, The enhancing factor is al-
corresponding induced surface charge density ways larger than unity and is dependent on the dimensions of
the slab and of the supercell. In the case of an infinite

&1 | 2P (A1) ~ vacuum regior(i.e., an isolated single slabsd—0 and one

€ €0 recovers Eq(Al) from Eq. (A5). This means that the true

. . . . effective values of the uniform tip-induced electric field are
which is a standard result of classical electrostatics P

ext
(€p=8.85x10 12 H/m is the permittivity of the vacuum actually acei§™

However, in the present case, the periodic boundary con Table | shows the values of the calculated surface charge
ditions on the supercell in which the slab is located imply anden5|tyaca|cfrom the integratiortover the slab regiorof the

o ; i R averaged polarization charge dens{t&ﬁ(z))xy shown on
electrostatic interaction between z_idjz_icent periodic slabs. T ig. 3, as well as the estimated surface charge density
surface charge density of the periodic slabs generates a cor-

responding induced electric fielf;ijnd in the vacuum gap as ggﬁg;rnc;:: :Efé_(p.l‘.?])efsoer \t/f;?uzépser:gcvegt?; oigcggrsgerf ecrt]rtlcb o-
" L . ¥ween the preserdb initio calculations and simple classical
conditions for the electric fields a_t the separation surface beélectrostatics for the lowest values of the applied external
tween the slab and the vacuum is field £ The differences increase for largéP values as
apply gindy _ ¢apply ¢ind the polarization becomes nonlinear in the applied field. For
(& &=L (A2) the biggest® value, the presence of the artificially bound
Taking into account the periodic boundary conditions, westates in the potential well due to the cutoff functibfz)
find that the continuity of the induced potential on the suc-distorts the results as previously mentioned in Sec. IV B.
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