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Based on the discrete variational method with the local-density-functional approximation, we chose cluster
models to simulate the extraction of a single Al atom fron1Al) sample surface by a scanning-tunneling
microscopy W tip with and without external bias voltages. Our cluster calculations, which can deal with the
detailed geometry of the sample and the(ggpecially with an active sitecan provide useful and relatively
reliable results(1) The “chemical interactions” between the sample and the tip play an important role in
single-atom extraction processes; e.g., an Al atom can be extracted as the tip-sample separation becomes 10
a.u.(5.3 A) without any external field€2) The polarity and the value of the external biasar the thresho)d
are other important factors; e.g., at the tip-sample separation 12 a.u., an Al atom can be extracted with the
threshold field 0.6 V/A, positive bias to the sampleand the extracted Al atom can be put back with a negative
bias to the sampl€3) The W atom on the tip cannot be extractgf0163-18209)03323-9

I. INTRODUCTION concentrated on the transfer of adsorbed atoms between two
parallel-plate electrodés ?°Ciraciet al*® calculated the in-
Scanning tunneling microscopySTM) has provided a teraction energy of an Al atom between twa@01) slabs by
revolutionary method for obtaining information on surfacesthe use of the self-consistent-fiel CPH pseudopotential
of metals and semiconductors with atomic resolution in reamethod. Their results show that the double wells in the in-
space. STM has been used not only for observing surfaceraction energy collapses into a single minimum when the
properties but also for manipulating a single afofnor  separation between two slabs is shorter than 2.5 interlayer
clustef* on a surface. spacings(about 5.0 A. Lang using a jellium model calcu-
Modification of semiconductor surfaces is of particularlated the transfer of an adatom &ef. 16 and Al (Ref. 17
interest for the fabrication of nanometer-scale quantunbetween two closely spaced electrodes. His results show that
devices! It was shown that a single Si atom can be extractednost of the activation barrier lowering that permits a mea-
from the Si(111)-k 7 surface’~® and the extracted Si atom surable transfer rate at room temperature is a chemical effect
can be redeposited onto the surface® by applying a volt-  due to the proximity of the electrodes, but the electric bias
age pulse between the tip and the sample in appropriate pprovides an additional barrier lowering and a directional
larities. Recently, Pang and co-work®t$ have achieved driving force. Furthermore, the atom acquires a distance-
that Si atoms can be removed from a Si(1127% sample dependent charge no larger than several tenths of a unit
surface by the use of high tunneling current with low biaschargele|. Later, Koetteret al 8% calculated the interaction
method. There are some other experimental works on thenergy and forces between tunneling tips composed of an
modification of metal surfacé$™*® Rabe and Buchholz  adsorbed W or Al atom on Y210 and Al111) planes to
have shown that Ag atoms are extracted from(J4d) sur-  simulate single-atom extraction processes betweaN tip
face by applying a positive voltage of~37 V pulse to the and an Al sample by use of a parametrized Hartree-Fock
Ag sample. This indicates that Ag atoms are extracted atheory. Their results show that the Al atom will be sponta-
“positive ions.” Chang and co-workers studied the Au neously transferred from the Al surface to the W surface, if
(Refs. 12 and 1Band Pt(Ref. 13 atom transfer between the the “W tip” is brought close enough to the Al samplabout
STM tips and samples and suggested that the Au can b&A) even without any external electric field. Recently, using
more easily extracted as a “negative ion,” but the Pt favorsab initio density cluster techniques, Akpatt al?° investi-
“positive-ion” extraction (we will comment later. Another  gated the effects of external homogeneous electric fields
feature of the modifications on metal surfaces is that théwithout tip) on the chemical bond between an adatom H or
processes are caused by field extraction and not by higAl and a S{111) surface. Their results show that both the
temperature$ or current effects?! Si-H and Si-Al bonds are weakened and broken at high
Concerning the theoretical studies, most of the works ardields, irrespective of their polarity, but the effect of the field
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is much stronger when the field direction is the same as that 4 7
of the bond dipole. Based on the jellium model, Hirose and
Tsukada used the recursion transfer-matrix method to calcu-
late the electronic structures of the Na bielectrode syStem w(i11)
and the Al tip with the Si surface systefh? The activation W,
barriers for the extraction of a single atom decrease with the
applied bias voltages. A S

In the studies with two parallel-plate electrode models as Al(111) L Z,
mentioned above, the detailed geometric structures of the tip — oottt
and the sample could not be taken into account, so that the | Y
relative position of the top atom of the tips to the sample
surfaces could not be treated as in real STM syst@spe- |
cially for the tip with an active site and only the homoge-
neous electric field were used to simulate the external bias.
In this paper, we report our theoretical results of extraction
of a single Al atom in the AlL11) surface(i.e., not an ad-
sorbed ongby a widely adopted STM W tip. Based on the  FIG. 1. The cluster model projected on t& plane. The solid
discrete variational method with the local-density-functionalcircles represent the tip and sample atoms, the open circle represent
approximation (DVM-LDA),24'25 we adopt a “cluster the gxtracted atom Al The dls_tance between 'the top atom of _
model” (Refs. 26 and 2)7to simulate physical systems of an the tip ar]d the Al111) surface is assumed as tip-sample separatlon
Al(111) surface and a STM W tip with tip-sample separa—s the height of the extracted Aatom above the AL11) surface is
. . . . . . assumed ag;.
tionsSand applied bias voltag€mcluding the cases without
any external electric fiehdas represented in Sec. [land lll. In || COMPUTATION METHOD AND CLUSTER MODEL
our cluster model, the detailed geometric structures of the tip
and the sample are taken into account. Effects of the STMW  The cluster model as shown in Fig. 1 was used to simulate
t|p and external fields can be elucidated Clearly in the atomi(fhe A|(111) surface and W t|p In order to diminish the effect
scale. We focus on single-atom extraction processes withf boundary of the cluster in simulations, five shells of Al
near-threshold external fields. Our results indicate: atoms(a total of 43 Al atomsfrom the surface center atom

(1) The “chemical interactions” between the tip and the (labeled as Al) was chosen to simulate the sample; five
sample, which are close related with the tip-sample separdayers of W111) (a total of 11 W atomswas chosen to
tion and the relative position of the tip to the sample, play arsimulate the tip. The low-energy electron diffractidrEED)
important role in the atom extraction processes. A single Aexperimental results show that the (Al1) is hardly
atom cannot be extracted from the(&11) surface only by relaxed?® so the relaxation of AlL11) surface is ignored in
the action of the W tip without an external electric field, until our present study. The configuration of the system was con-
the tip approaches the sample within 10 5.3 A) because structed in such a way that the tip-top W atdtabeled as

of “activation barrier lowering” through chemical interac- W1) was located above the center atom Af the sample
tion between the tip and the sample. Al(111) surface with a tip-sample separatiBnNote that the

(2) The polarity and the value of the external bias arelip-sample separatiohere is the absolute distance from the
other important factors to manipulate a single atom in thd'Ucleus of the top atom Yof the tip to the A(11D) surface,

STM with external electric fields near the threshold. A singlePUt the tip-sample separatid® defined from the electric

tact poinf=81213in the STM experiments may have a
Al atom can be extracted from the (AlL1) surface by apply- con ' o X
ing a least-positig 4 V bias to the Al sample as the tip- displacement, e.gS~S'+2.5 A for the W tip and the Al

L e . sample. The bias voltag¥, is applied to the sample with
sample separation is fixed at 12 afthe corresponding . . s )
threshold of the electric field is about 0.6 \J/fand the ex- respect to the tip. During the extraction process, theatdm

is moved upward out of the Al surface by a height
tracted Al atom can be put back on the(®11) surface by . o 5. .
changing the polarity of the applied bias. In the high-field The discrete variational methth?® with the appropriate

he chemical bonds b hould be brok cluster model has been used successfully to study the elec-
cases, the chemical bonds between atoms should be Drokep, e sirycture of chemisorption on metal surf&Cesd the

and a cluster of atoms might be extracted, irrespective of thﬁrain boundary in intermetallic compountfsthe self-
polarity of the bias as pointed out by Akpai al*” diffusion mechanisms on metallic fd©01} surfaces’ and

(3) The extracted Al atom acquires a height-dependent nghe geometric structure of Na clustéfiVe adopt a modern
positive charge irrespective of polarity of the biawear the  yersion of the DVM?® which is an all-electron calculation
threshold when the Al atom is extracted from AL11) sur-  with the innermost atomic core orbitals frozen as an option
face. The net charge is only a few tenths of a unit chéele  and only a typical minimal basis set required. In our DVM
so the extracted atom cannot be considered an isolated bagelculation, the static potential produced by the external bias
ion. Therefore, the field evaporation modeté'*pased on is introduced as an external potential in the local-density

the bare ion treatment should be modified. approximation. Furthermore, the external static potential
(4) It is impossible to remove the W atom from the W tip, should be matched with appropriate boundary conditions of
because of a much larger activation barf@bout 5.5 eY. the tip and the sample and can be obtained at each integra-

The discussions in detail are presented in Sec. IV. tion mesh point according to electrostatics. In cluster calcu-
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lations, the energy level of the highest occupied molecular E (eV)
orbital (HOMO) corresponds to the Fermi level in the bulk esc :

according to Fermi statics. In such a system that is composed 1 L|eS=0 | / I
of two relative separated subsystems, i.e., the tip and the - | 4-S=12a.u. b
sample, their HOMOs are independent if their separation is 08 I"| g8=11a.u. T T

large enough without mutual interactions. However, a single 06 [ |-+S=10a.u.
HOMO of the whole system can be automatically deter- 04 L|+S=9au.| .

mined in our SCF calculations of the cluster if the tip and the A /
e

sample are close enough with mutual interactions. If the I /
separation between the tip and the sample is large enough, 0 944
the HOMO's of the tip or the sample will be shifted respec- 02| N\ /‘/‘
tively according to the external bias, because the external =t \x A (Afr
fields are applied with the appropriate boundary conditions 04 1 \ /v
as mentioned above. The total eneify of the system can -08 /
be given by 08 | Vs
1 -1
ET:Z ni8i_§J P(r)Vcdr+jP(r)[8xc(r) o L

0 1 2 3 4 5 6 7
1w 2,2,
— pc1)]dr+ 5 > RM_+§,} Z,Vex(R,), (D) Zy(a.u.)

* R,

FIG. 2. The escape energiEsg.as a function of the height,
of the extracted atom Alabove the sample surface for casesSof
=, 12, 11, 10, and 9 a.u.

wherei labels single electron functions with eigenvalugs
and occupation ;n p(r) is the electron densityy. is the
Coulomb potential due to the electrons,; is an exchange-

corre_lation potential <_':1nd:XC is the corresponding_energy Without W tip (S=o¢), the E . increases almost monoto-
density per electror is the nuclear charge, and, is the nously with the increase &, but there is a turning point at

external electrostatic potential. An important point to be . :

. ZP=2.8 a.u., at which the slope of thE. curve is de-
stressed is that the DVM can compute the cluster to_tal eNeT9Y cased. It is owing to the polarization interaction between
and the reference total atomic energy on the same mtegratlatﬂe extracted atom Aland the A(111) surface dipole layer
mesh points, so that the binding enerBy of the cluster,

oLt . I : (this will be discussed in detail in Sec. [I)QWithout W tip,
which is the integral of their difference, should be rellable,[he eneray barrier of the extraction of a sinale Al atom from
numerically?®>31%2 As a test of the accuracy of DVM with the cl r?),/mllll) face is about 3.98 eV 9
cluster model, the lattice constants of bulk Al and W was e\/\(/:itehaa W i aSbL::JvaeC;es Ellgr) sﬁrfacee .the variation of
calculated by choosing almost the same size cluster modeé b '

The calculated results is 4.10 and 3.03 A for Al and W escWith respect I&Z, is similar to the case C$.=°c (except
respectively, and the error is within 4.2% in comparing with for th? region near the W pas the separatio8 bgtween

. X ) them is larger than about 12 a.u.. However, there is a shallow
the experimental dat@the lattice constant for Al isay

o — potential well, when the Al atom approaches the W tip.
=4.05 A and for Way=3.16 A (Ref. 33]. With S=12 a.u., the bottom of the potential well is at the

The relative variation of the energy of the system in the,_ . N :
procedure of an atom extraction can be described by thge'ghtzlfﬂ'2 a.u., and the distance between &hd the top

. I~ - atom W, of the tip is about 4.8 a.u. In this region, a strong
calculation of binding energ§, . Based on the binding en- . . )
ergy E,,, we define an escape enerBy. as bond is formed between pland W,. In this case the activa-

tion barrier for the extraction is about 0.82 eV. Bring up the
Ees=Ep(Z1) —E(0), (2) tipto shorte_r se_parations, the activation barrier is Io_we_red. If
the separatiois is short enough$%<10 a.u.), the activation
where theEy(0) andEy(Z,) are the binding energies of the parrier disappears, and a stable potential well is formed in
system when the Alatom is located at the equilibrium po- the region between tip and the sample surface. It indicates
sition on the A(111) surface and at the height 2f fromthe  that the A} atom will be transferred from the A111) sur-
Al(11]) surface, respectively. The positiver negativg of  face toward the W tip, even without external electric field. At
Eescmeans that the system adso(bsreleasesenergy when  the bottom of the potential well, the attractive interaction
thg Al atom is extracted from the sample surface to theyetween the Aland W, is very strong, and at the same time,
heightZ,. the attractive polarization interaction between the1Al)
surface dipole layer and Alis also strong. These two inter-

. RESULTS actions couple each other and lower the energy of the system
very much. The vanishing of the activation barrier is just the
result of the coupling of these two interactions.

In order to analyze the effect of the tip on the extraction, When the tip approaches the sample closely, for example
we calculate the variation of escape energy when the exhe tip-sample separatid®= 10 a.u., the interaction between
tracted atom Al is pulled to different heights at fixed sepa- the top atom W and the sample surface is very strong. Is it
rations S=, 12, 11, 10, and 9 a,y.without external elec- possible for the W atom to escape from the tip and transfer
tric field. The results are shown in Fig. 2. to the sample surface? In order to answer this question, the

A. The escape energy without external bias
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FIG. 3. The escape energiEs;.of W, atom as a function of the 0 1 2 3 4 5 6
heightZ, of W, above the sample surface. The, Altom is kept at
its original equilibrium site on the AL11) surface, but the Watom 21(a-U-)

is removed from the tip.
P FIG. 4. The escape energiEsg.as a function of the height,

of the extracted atom Alabove the sample surface, when a positive

variation of the escape energy of;\&tom with respect to the 2 v pjas is applied to the sampl&/{=2 V) and to the tip V=
separatior(also labeled aZ,) between the Watom and the —2 v). The tip-sample separatid®=10 a.u.
Al surface is calculated. The result is shown in Fig. 3. It can
be concluded that the Y\atom cannot be removed from the face, is always positive whetherel2 V voltage is applied to
tip, even though the tip-sample separation is very snfall ( the sample {Vs=2 V) or to the tip /s=—2 V). Its value is
=10 a.u.), because the activation barrier for the &trac-  only several tenths of a unit chargel and varies with the
tion is very high(about 5.5 eV. That is the reason why heightZ, of the Al, atom. It was also found in the transfer of
tungsten should be used as STM tip material in order ta Si and an Al adatom between two closely spaced
manipulate the Al surface atoms. electrodeg®!” In STM, unlike in the field-ion microscopy
(FIM), the amount of the net charge acquired by the ex-
tracted atom is very small. The extracted atom cannot be
considered as an isolated bare ion. These field evaporation

Having examined the effect of the tip on the extraction ofmodelé>"*?13hased on the bare ion treatment should be
an atom from the sample surface, we study the effect ofnodified for the case in the STM atom extraction.
external electric field on the extraction. As the first step, we As the second step, we calculate the effect of the external
study the effect of polarity of the external field on the escapdield on the escape enerdy.,. when the separatio$ is
energy E..c When the separatio is fixed at 10 a.u(this increased to 12 a.u. In this case, the activation barrier is
case is the critical point for the extraction of the Al atom about 0.82 eV, and the Alatom cannot be extracted from
without external fielgl The calculated results are shown in the Al(111) surface without external field. When a bias volt-
Fig. 4. It can be found that the external field makes the exage is applied to the sample, the activation barrier is lowered
traction of the A| atom from Al111) surface easier when 2 (see Fig. 5. When 2 V bias voltageMs=2 V) is applied to
V bias voltage is applied to the sample; but more difficultthe sample, the energy barrier is still about 0.2 eV; the Al
when 2 V bias voltage is applied to the tifhe activation atom cannot be transferred from the sample to the tip if the
barrier is raised to 0.5 eV This phenomena may be inter- temperature is low. When the bias voltage is increased to 4
preted in terms of the Alatom with a net positive charge V, the activation barrier disappears. From tag curve, it
when it escapes from the @11 surface. In a metal system, can be found that the potential well is deeper when the Al
the electrons are shared among atoms; it is very difficult t@mpproaches the W tipZ;=7.2 a.u. and the distance to the
determine how many electrons belong to a certain atom. IW; atom is 4.8 a.y.than the well in the region near the
our calculation, the Mulliken population analysis is used toAl(111) surface. As a result, the Alatom can be extracted
analyze the electron population on each atomic orbital, anfdfom the Al(111) surface and transferred to the W tip with
the net charge for each atom can be obtained approximatelyhe action of higher external field. The corresponding thresh-
Of course, this analysis procedure is very crude, and the dawld of the electric field for the Al atom extraction from the
can only give us an approximate tendency. The electroml(111) surface toward the W tip is about 0.6 V/A as the
population results indicate that the ,Ahtom acquires a net tip-sample separation is 12 a.(@&.3 A). Note that the defi-
positive charge when the Alatom escapes from Al1l) nition of the tip-sample separatid® here is different from
surface even without external field. The net charge, whichthat defined in the experiment8®®!? The case ofS
the Al, atom acquires when it escapes from the sample sur=12 a.u. (6.3 A) here is as the case $~3.8 A in the

B. The effects of external bias on the escape energy
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Z1 (a-u-) FIG. 6. The electron-density difference of the system when the

Al; atom escapes from Al11) surface to the different height&),

(b), (c), and(d) are corresponding to the casesZqt=0.0, 1.2, 2.8,

. - ; : and 3.6 a.u., respectively. The tip-sample separa8eiv, i.e.,

bias VSZZ V and V5=4.V is applied to the sample, respectively. without W tip. The solid and dotted lines represent the increase and
The tip-sample separatidi=12 a.u. decrease of electrons comparing to the free reference atom. The

: . ., .cont i 0.08%a.u.)3.
experiments. The value of the threshold of the electric field jg Onour spacings are tau)

about 1.05 V/A if we use the definition of tip-sample sepa- o ) _
ration S’ in the experiments. Our cluster model calculationPolarization around the Alatom is caused by the polarized
results are in good agreement with the experimgtt§:12 ~ charge distribution, i.e., the dipole layer around th€1Al)

and consistent with the other theoretical restflts. surface. In order to show the surface dipole layer more
clearly, the electron densitynot the electron-density differ-

ence around the Al111) surface is also calculated based on
] ~_the LDA as shown in Fig. 7. Along the direction perpendicu-
In order to discuss the procedure of atom extraction inar to the surface, the electron density exponentially decays
detail, the electron redistributions are obtained based on Miyhen it departs from the Al surface. As a result, a “dipole
croscopic SCF calculations in LDA. The electron-density|ayer” around the Al surface is formed, if we take into ac-
difference is obtained by subtracting the electron density ofount the positive charge of nuclei and the negative charge
the free atoms at the Supel’pOSitionS from that of the Clust%f electrons. We now return to the escape energy CL{ISEB
SyStem, so that the electron redistribution when thﬁmm F|g 2) presented in Sec. IllA. The S|ope of the escape en-
locates at different heights can be seen clearly. First, let USrgy E. with the height Z, is decreased wherz,
see the changes of the electron-density difference when the g a.u., because the attractive interaction between the di-
Al, atom escapes from the @11 surface to the different pole around the Alatom and the “dipole layer” around the
heights:Z,=0.0, 1.2, 2.8, and 3.6 a.u. without the W tip as A|(111) surface decreases the energy of the whole system.

shown in Fig. 6. When Allocates at the equilibrium site on As a result, a turning point occurs at the height Df
the Al(111) surface, i.e.Z;=0.0 a.u., the electron density

near the nuclei is decreased and that in the intermediate re-
gion among the atoms is increased. The electrons are shared
among the neighbor atoms, and metallic bonds are formed in
the Al cluster. When the Alatom escapes from the sample
surface, the changes of electron density around theatdm

take place. When the height; <2.8 a.u.[as shown in Fig.
6(b)], the electron distribution around Alresembles the
electron distribution around Alin the surface as shown in
Fig. 6@). On the other hand, whefy >2.8 a.u[as shown in

Fig. 6(d)], the electron distribution is much different from
the distributions as in the casesff<2.8 a.u. The electrons

are accumulated above the;Alucleus, but electrons are lost
under the Al nucleus, and a dipole is manifested. It is the  FG. 7. The electron density of the pure(&l1) surface. The
joining point atZ,=2.8 a.u., where the electron distributions contour spacings are 0.082a.u.) 3. A surface dipole layer is
[as shown in Fig. @)] just begin to be polarized. The charge clearly manifested.

FIG. 5. The escape energiEsg.as a function of the heigtZ;
of the extracted atom Alabove the sample surface, when a positive

C. The charge distribution
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density scale as in Figs. 6 and 8. But the changes are in-
creased as the bias is enlarged. When the extractedtéin
locates near the sample surface, for exampgles 1.2 a.u.,
comparing to the case without external field, the electron
density in the region between the,Adtom and the neighbor
Al atoms is increased, but that in the region above thg Al
atom is decreased, if a positive bias is applied to the sample.
When the Al atom is extracted to a higher position, for
example,Z;=6.0 a.u., a vacancy is formed on the(#l1)
surface. Comparing to the case without external field, the
electron density in the vacancy and in the region under the
Al; atom is increased, but that in the region above thg Al
atom is also decreased, when a positive bias is applied to the
sample. The reason is that the electrons are attracted by the
positive bias and transferred from the upper part to the lower
part of the Al atom. However, the electron density in both
the region above and below the,;Adtom is decreased, when
‘ 12 : ‘ ‘ the Al; atom locates at the “equilibrium” site on the W tip
128 4 0 4 8 12 128 4 0 4 8 12 (e the separation between the Aind the W is about 4.8

X X a.u). In this case, the Alatom is already regarded to be

FIG. 8. The electron-density difference of the system when theassociated with the W tip.

Al atom is extracted from AL11) surface to the different heights.
(@, (b), (c), and(d) are corresponding to the casesZq=0.0, 1.2,
2.8, and 3.6 a.u., respectively. The tip-sample separafon

=10 a.u. The solid and dotted lines represent the increase and de- gased on the discrete variational method with the local-
crease of_electrons comparingsto the free reference atom. The Coa'ensity-functional approximation, we chose cluster models
tour spacings are 0.06X(a.u.)™. to simulate the extraction of a single Al atom from the
Al(111) sample surface by a STM W tip with and without
=2.8 a.u. in the escape energy curve. Our results of thexternal bias voltages. In the cluster model, the detailed geo-
charge distributions based on the microscopic calculationfetric structure of the tip and the sample can be taken into
are consistent with the macroscopic “dipole layéf.” account, especially the tip with an active site. The external
The electron-density difference in the cases with W tip afpotential produced by the applied bias can be treated with
different separatiorS has also been calculated. Figure 8 appropriate boundary conditions of the tip and the sample.
shows the changes of this wh& 10 a.u. When the Al The HOMO of the cluster that corresponds to the Fermi level
atom locates at the original surface equilibrium site, there isn the bulk can be automatically determined according to the
no electron accumulation between the tip and the sample=ermi statics. Therefore, the atom extraction process in a real
However, when the Al atom departs slightly from the STM manipulation can be simulated reliably with the DVM-
sample surface, for examplg; = 1.2 a.u., there is little ac- [ DA.
cumulation of electrons between the tip and the sample. This Based on the DVM-LDA, the extraction of a single Al
indicates that there is attractive interaction between the togtom from the A(111) surface has been studied. The follow-
atom W, of the tip and the extracted atom ;Alas the Al ing conclusions have been obtained.
atom departs slightly from the sample surface. The accumu- (i) The “chemical interactions” between the tip and the
lation of electrons between the tip and the sample increasesmple, which are close related with the tip-sample separa-
with the increasing of the height, of the extracted atom tion and the relative position of the tip to the sample, play an
Al;. WhenZ,=3.6 a.u., strong bonds are formed betweenimportant role in the atom extraction processes. When the W
the W, and Al, atom, and the energy of the system is mini-tip approaches to the sample with the separati®n
mized. Comparing the changes of electron-density difference-10 a.u. (5.3 A), the activation barrier lowering occurs
with the increasing o, in this case to that in the case of through chemical interactions between the tip and the sample
S=, it can be found that the polarization of electron distri- without any external electric fields; more specifically, the
bution around the extracted Ahtom occurs earlier, owing to  activation barrier for the Al atom extraction decreases from
the interaction of the W tip. The interaction between the3.98 eV (without tip) to zero as shown in Fig. 2. For various
dipole of the A} atom and the dipole layer of the sample combinations of the tip and the sample, the chemical inter-
surface leads to the lowering of the energy of the systemactions at small separations are important for the single-atom
This is the reason that the turning point in the escape energyanipulations and deserve further study, especially based on
curve(see Fig. 2for S=10 a.u. occurs at the lower position the present “cluster model” calculation of DVM-LDA.
(Z,=2.0a.u) (i) The polarity and the value of the external bias are
The effects of external bias on the electron distributionother important factors for the manipulations of a single
are also calculated. The results for the cas8+sfl2 a.u. are atom in the STM with electric fields near the threshold. The
shown in Fig. 9. The most important is that the changesxtraction of a single Al atom is made easier if the sample is
induced by the external electric fieldvhen Vs<4 V) are  applied with positive bias, and it is made more difficult if the
very small; they are in the order of one-tenth of the electroniip is applied with positive biagas shown in Fig. # The

N
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0
4
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IV. CONCLUSION
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FIG. 9. The electron-density difference of the sys{éap,(b),(c), and(d)] and the changes induced by the external bias(f),(g), and
(h) for Vg=2 V; (i),(j),(k), and(l) for V=4 V] when the Al atom is extracted from AL11) surface to the height&,;=0.0, 2.8, 6.0, and
7.2 a.u. The tip-sample separati®+ 12 a.u. The solid and dotted lines represent the increase and decrease of electrons. The contour
spacings are 0.0@1(a.u.) 2 for the electron-density difference, and 0.08Q&.u.)” 2 for the changes induced by the external bias.

main reason is that the extracted Al atom acquires a neteparationS is decreased to 10 a.u., the threshold is de-
positive charge irrespective of polarity of the bias when thecreased to zer¢see Fig. 4 Furthermore, the extracted Al
Al atom escapes from Al11) surface. The net charge is atom can be put back on the (All1) surface by applying a
only a few tenths of a unit charge| and varies with the positive bias to the tigi.e., a negative bias on the sampl&
heightZ, of the Al atom. Therefore, the extracted atom can-addition, since our cluster model calculations can treat ap-
not be considered as an isolated bare ion. The field evaporaropriately the geometries of the tip and the sample with
tion modelé®>7*213phased on the bare ion treatment shouldexternal fields, lateral effect®f single-atom manipulations
be madified in the case of the STM atom extraction; espeby the action of the external field can be studied and will be
cially, in the high-field cases, the chemical bonds betweempublished elsewhere.
atoms are broken, and a cluster of atoms may be extracted. In (iii) It is impossible to remove the W atom from the W tip
this case, the polarity of external bias is not irrelevant forin the system composed of the W tip and the Al sample,
atom extraction as pointed out by Akpati al*° because of a much larger activation bar(eoout 5.5 eV. It

As the tip-sample separati@®decreases, the threshold of would deserve further studies to find out various tip-sample
electric field for the single Al atom extraction is decreasedcombinations systematically, especially based on the present
because of stronger “chemical interactions” involved. Whencluster model of DVM-LDA.
the tip-sample separatidis fixed at 12 a.u(6.3 A), the Al
atom cannot be extracted from the sample surface without ACKNOWLEDGMENTS
external field. In order to extract out a single Al from the
Al(111) surface, a positive lead V bias must be applied to This work was supported by the Ministry of Science and
the sample as shown in Fig.(Ehe corresponding threshold Technology, People’s Republic of China, and the National
of the electric field about 0.6 V/A When the tip-sample Natural Science Foundation of China.
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