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Vertical Manipulation of Individual Atoms by a Direct STM Tip-Surface Contact on Ge(111)
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A new type of vertical manipulation with the scanning tunneling microscope (STM), involving only
direct STM tip-surface contact at zero bias voltage, is used to extract, in a very controlled manner, indi-
vidual germanium atoms from a Ge(111) surface. The duration of the extraction mechanism is found to
be surprisingly long, of the order of 10 ms. To explain these effects, a complete calculation of the STM
tip approach and retraction sequence is performed by optimizing the total junction geometry at each step.
[S0031-9007(98)05682-8]

PACS numbers: 61.16.Ch, 68.10.Jy, 79.70.+q
s

r-
r-

s
e
le

-

n

ng
,

n
ed
d,
he
e

s
is

ult

e
n
y

f
ted
n
ed
ce
le
,

The ability to manipulate individual atoms and
molecules with the scanning tunneling microscope (STM
has opened fascinating new areas of research [1–
Manipulations can be classified into two types: latera
and vertical. Lateral movements, involving the pulling
sliding, or pushing of an individual adsorbate, have bee
the subject of experimental [4–7] and theoretical [8,9
studies. However, vertical manipulations towards th
tip apex are more difficult to control, since the energ
barriers to be surmounted when pulling an individua
adsorbate off a surface are generally higher than for late
manipulations. This is especially true for strongly boun
atoms from a metal or a semiconductor surface. Seve
basic mechanisms have been considered to explain
observed vertical manipulations. For weakly boun
adsorbatessssXeyNis100d [2], XeyCus211d [10]ddd, vertical
manipulation has been ascribed to multiple excitatio
of the adsorbate-substrate vibrational mode throug
inelastic electron effects combined with electric field
effects [11] or to the transfer-on-contact process [12
Vertical manipulation of more strongly bound adsorbate
sssthe Si-H bond in HySis100d [13]ddd has been shown to
involve vibrational or electronic excitation by inelastic
interactions of electrons issued from the STM tip. Finally
extraction of individual atoms has also been achieve
from semiconductor substrates themselves (Si [14–1
MoS2 [17]) by using the electric field in the tip-surface
STM junction [18].

Here, we report a new type of vertical manipulation
with the STM involving only direct STM tip-surface con-
tact at zero bias voltage. This is the first evidence th
the STM tip can pick upindividual atoms in a very con-
trolled manner without any tunneling electron or electri
field effect. We take advantage of the fact that the po
tential barrier to transfer a chemically bound atom from
surface to a tip may be negligible when the tip apex to su
face distance is very reduced. We report the measurem
of the probability for extracting a single germanium atom
from a Ge(111) surface as a function of the vertical STM
tip displacement, sample voltagesVSd, and duration of
)
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the tip-sample interaction. At small tip-sample distance
(compared to imaging conditions), individual germanium
atoms are very reproducibly extracted in a modesVS ­ 0d
involving only direct STM tip-surface contact, without
disturbing the surroundings. Furthermore, the characte
istic time of the extraction process is found, quiet su
prisingly, to be very long, of the order of 10 ms. The
relative simplicity of this type of manipulation enabled u
to perform complete calculations of the STM tip-surfac
interaction, leading to a detailed description of the sing
atom extraction mechanism.

STM experiments are performed in a UHV cham
ber with a base pressure,10210 mbar. In the UHV
preparation chamber, equipped with low-energy electro
diffraction, regular Ges111d-cs2 3 8d surfaces, as shown
in Fig. 1(a), are prepared by ion sputtering and anneali
[19]. The procedure to extract a single germanium atom
as shown in Fig. 1, is the following. The tip of the STM
(an electrochemically etched polycrystalline tungste
wire) is positioned over the desired adatom, as indicat
by the numbers in Fig. 1. The feedback loop is opene
VS is set to zero, and the tip is approached towards t
adatom byDz stepwise over 20 ms. This reduces th
tip-sample distancez by Dz. VS is set to a chosen value
and kept constant for a timeDt. VS is reset to zero
and the tip is withdrawn from the surface over 20 ms a
before. Then, a new STM topograph of the same area
recorded in constant current mode to examine the res
of the manipulation.

It is remarkable that, in more than 98% cases, th
manipulation with the tip either results in the extractio
of a single adatom or has no visible effect. Only on ver
rare occasionss, 2%d does the manipulation result in the
pickup of two or more adatoms or in the deposition o
some atoms on the surface. We are sure that the crea
modification, as shown in Fig. 1, is due to the extractio
of a single Ge adatom. At room temperature, the creat
vacancy is not stable and slowly diffuses on the surfa
[20]. The resulting surface rearrangements are compatib
only with that of a single atom vacancy. Furthermore
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FIG. 1. A sequence of STM images [(a) to (d)] during whic
atoms were extracted (area53 3 47 Å, sample bias11 V ,
tunnel current1 nA). The selected atoms are indicated b
Nos. 1–4. A line profilexx0 through (b) is shown at the lower
left and a corresponding calculated line profile, forI ­ 1 nA at
the bottom of the conduction band, at the lower right.

using the elastic scattering quantum chemistry (ESQ
technique [21], the calculated constant current image fo
single adatom vacancy on Ge(111) gives a corrugation
agreement with the experimental one (see Fig. 1). The
calculations also provide a good estimation of the t
apex to surface distancez when scanning the surface
in a constant current mode. This is crucial to simula
a manipulation mode in STM [7–9]. For calculation
performed at the bottom of the conduction band with
1 nA current intensity under 0.5 V bias voltage,z sits
between 7 and8 Å. At 1 V, z is expected to be slightly
higher by1 Å.

In order to measure the picking up probabilityP of a
single Ge adatom as a function of the various paramet
(Dz, VS , andDt), we performed many series of hundred
of manipulations. Our new manipulation procedure
reproducible even thoughP depends to some extent on
the tip used in the experiment. The most reliable tip
obtained after a number of manipulations are believe
to be terminated by Ge atoms. For a given tip,P can
be estimated as a function of the sample voltageVS as
reported in Fig. 2 for various tip approachesDz (4, 6,
and8 Å) and a fixed valueDt ­ 10 ms of the interaction
duration. For a small tip approach of4 Å, P increases as
a function of the sample voltage [Fig. 2(a)]. Also,P is
almost zero at low sample voltagesVS , 1 Vd (as well
as for negative sample voltage—not shown in Fig. 2
3086
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FIG. 2. A series of three graphs showing the probability o
extracting a Ge adatom as a function of applied sample voltag
The tip was approached towards the surface by (a)4 Å,
(b) 6 Å, and (c)8 Å. The interaction duration has a fixed value
Dt ­ 10 ms. Error bars indicate the statistical uncertainties
The total number of manipulations were 470, 1400, and 11
respectively.

By contrast, for larger tip approaches (6 and8 Å), P is
constant as a function ofVS [Figs. 2(b) and 2(c)] and has
always the same value even at zero (or negative sam
bias voltages—not shown in Fig. 2).

These results demonstrate the occurrence of two d
tinct manipulation modes. When the tip is far enoug
from the surface (z reduction smaller than4 Å), the elec-
tric field and/or the tunnel current play clearly a crucia
role in the manipulation sinceP becomes important only
at a high sample voltage. This mode of manipulation i
similar to the one previously used for Si [14–16] and
MoS2 [17]. More surprisingly, when the tip is closer to
the germanium surface (approaches 6 and8 Å), P is con-
stant;the electric field and the tunnel current seem to hav
no noticeable effect, whatever the values of the electr
field and the current intensity. In particular,at VS ­ 0, P
has the same value as for any value ofVS between26 and
16 V although the tunnel current is zero and the electr
field is very weak. Indeed, the work functions of the sur
face and the tip (which, we believe, is covered with ger
manium atoms) are expected to be almost identical.

To experiment more on this new direct contact ma
nipulation mode, we performed several series of expe
ments atVS ­ 0, measuringP as a function of the tip
approachDz and of the durationDt of maximum tip ap-
proach. The results are another surprise, as Fig. 3 show
in that, for each tip approach (5 to8 Å), P increases as
Dt increases from 1 ms through 10 ms to 50 ms. Such
behavior cannot be explained by the tunneling of the G
adatom between the surface and the tip, because the t
neling time for an atom through a potential energy barrie
is expected to be in the 1–50 ms range only at a particul
z value [22]. Any slight deviations60.1 Åd around thisz
value would modify the tunneling time by several order
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FIG. 3. A graph showing the probability of extracting a
Ge adatom as a function of duration of maximum approa
and tip displacement towards the surface. Note that th
applied sample voltage in all cases is 0 V. Error ba
indicate the statistical uncertainties. The total number
manipulations were480 s5 Åd, 1880 s6 Åd, 1490 s7 Åd, and
2180 s8 Åd, respectively.

of magnitude [22]. We also checked that the respon
time of thez movement of the tip piezo is much shorte
s,100 msd than the ms time range of the extraction b
recording, during the adatom manipulation, the time ev
lution of the tunnel current when applying a small voltag
(20 mV) to the sample. Therefore, we conclude that th
adatom transfer lifetime is, indeed, surprisingly high, o
the order of 10 ms.

To understand how a Ge adatom is picked up from
Ge(111) surface with the tip apex, we have performed d
tailed calculations, using the standard atom superposit
and electron delocalization molecular orbital (ASED-MO
method [23], of the “tip apex-Ge(111) surface” atomi
structure at each0.1 Å step of the approach and retraction
of the tip. This semiempirical calculation technique wa
preferred over first principles calculations [24] becaus
a full optimization of this STM junction atomic struc-
ture at each step is actually way beyond the accessi
computation time. Furthermore, the ESQC techniqu
which provides the tip-surface distancez is compatible
with the Hamiltonian delivered by ASED. Finally, we
have recently studied the quality of the ASED prediction
on other semiconductor surfaces such as the Si(100) s
face for chemisorption [25] and lateral atom manipulatio
[26] problems. We shall present here only a selection
the information we have obtained from the calculations.

The Ge(111) surface was described by a slab
90 atoms in four planes with a surface of4 3 5 Ge atoms
[Fig. 4(a)]. The ASED parameters were optimized i
such a way that the surface atomic structure of the Ge(11
surface, in the absence of the tip, converges towards
known structure [24]. Then, a tip apex composed o
13 Ge atoms with [111] facets was approached towar
the surface along the normal centered on a Ge adat
[Fig. 4(a)]. The choice of the chemical composition o
the tip apex was dictated by experimental facts that
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FIG. 4. Calculated potential energy curves of a Ge adato
positioned between a Ge tip apex and a Ge(111) surfa
as a function of the Ge adatom altitude above the surfa
for different tip-sample distancesz. In (a), a standard ball
representation of the junction considered. in (b), the imagi
mode, whereI ­ 1 nA, i.e., z ­ 8 Å with the tip apex lying
along the surface normal of the Ge adatom. In (c), the tip ap
is stopped above the Ge adatom atz ­ 8 Å. Then a sample
bias voltage of13 V is applied inducing the suppression o
the surface Ge potential well. In (d), the merging of th
two wells when the tip apex is gently approached towar
the Ge adatom forz ­ 6 Å (curve 1),z ­ 4 Å (curve 2), and
z ­ 3.5 Å (curve 3). The zero in energy is given by the energ
of the three components of the junction (tip appex, Ge adato
and surface) at very large separation.

tungsten tip apex is always decorated in our experime
with Ge atoms due to the coarse STM approach.

When the tip apex is far away (8 to9 Å) from the
surface, in an STM imaging mode, a Ge adatom h
two possible stable chemically bound positions: one
the surface and one at the tip apex. This is confirm
by calculating the minimum energy of the “tip apex
Ge adatom-Ge(111) surface” junction for a givenz as
a function of the Ge adatom altitude [Fig. 4(b)]. Here
z is the distance (center to center) between the restat
layer and the tip. Note,z should not be confused with
the Ge adatom altitude in Figs. 4(b) to 4(d). The ze
(in both cases) corresponds to the restatom layer. T
obtained double well potential also reflects the fact th
the barrier for a Ge adatom to go from its surface site
a tip adsorption site is more than 1 eV, which makes th
transfer process very unlikely at room temperature in t
constant current imaging mode.

One way to reduce this barrier and transfer the G
adatom on the tip apex is to apply an electric field a
demonstrated experimentally here [Fig. 2(a)] and els
where [14–18]. In this case, with the help (or no
of inelastic electron effects, the double well potenti
[Fig. 4(b)] will be modified and the 1 eV barrier heigh
3087
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will be decreased due to the corresponding enhancem
of the bias voltage. This can be seen in Fig. 4(c).
Fig. 4(d), the new possibility, presented in this Lette
is to gently merge the two wells [Fig. 4(b)] by a very
fine control ofz with, as a consequence, the cancellatio
of the potential barrier. After this merging, the energ
of the junction increases [Fig. 4(d)] and, for example,
z ­ 3.5 Å, it overcomes the potential barrier height in
Fig. 4(b). This enables the targetted Ge adatom to jum
from the surface to the tip apex.

One critical parameter in this process is the distan
between two neighbor adatoms on the surface. If this d
tance is smaller than the extent of the surface deformat
brought about by the tip, more than one adatom will b
extracted. To test this effect, we have calculated the s
face relaxation during a complete “tip approach, potent
well merging, tip retraction” sequence by optimizing th
total junction geometry at each step [27]. It turns out tha
even for a rather flat (111) tip apex, the distance betwe
two Ge adatoms on the surface is large enough to prev
a double pickup process for a moderate constraint co
ing from the tip apex. We have learned also from the
calculations [27] that, during the approach, a large pote
tial basin is created by the tip apex constraint, openi
the way for the targetted adatom to diffuse around the e
atom on the tip apex. This explains the long duration
our pickup process. Before tip retraction, a long waitin
time will permit the adatom to reside with more certaint
in the vicinity of the tip apex than a short one.

In conclusion, we have demonstrated that the dire
STM tip-surface contact mode can be used to reproduci
extract individual atoms from a Ge(111) surface. I
measuring the extraction probability as a function of th
tip-surface interaction time, we found a very surprisin
result, namely, that the duration of the mechanism is ve
long s,10 msd as compared to intrinsic relaxation times
Complete calculations of the STM tip-surface junctio
atomic structure during the manipulation enabled us
explain the main features of the mechanism, one of the
being that a large potential basin is created by the tip ap
constraint, opening the way for the targeted adatom
diffuse around the end atom on the tip apex. It follow
that, although this vertical manipulation method has be
tested here on the Ge(111) surface only, it may be va
also for other semiconductor surfaces and possibly
metallic surfaces. Because of its simplicity as compar
to other methods involving additional tunneling electro
and/or electric field effects, this method is expected
improve significantly our ability to manipulate matter a
the atomic scale.
3088
ent
In
r,

n
y
at

p

ce
is-
ion
e

ur-
ial
e
t,
en
ent
m-
se
n-

ng
nd
of
g
y

ct
bly
n
e
g
ry
.
n
to
se
ex
to
s
en
lid
for
ed
n
to
t

We thank the GDR No. 1145 “Nanomips” and the
“Ultimatech” programme of the CNRS for support.

[1] D. M. Eigler and E. Schweizer, Nature (London)344, 524
(1990).

[2] D. M. Eigler, C. P. Lutz, and W. E. Rudge, Nature (Lon-
don) 352, 600 (1991).

[3] Ph. Avouris, Acc. Chem. Res.28, 95 (1995).
[4] M. F. Crommie, C. P. Lutz, and D. M. Eigler, Science262,

218 (1993).
[5] P. H. Beton, A. W. Dunn, and P. Moriarty, Appl. Phys.

Lett. 67, 1075 (1995).
[6] G. Meyer, S. Zöphel, and K. H. Rieder, Appl. Phys. Lett

69, 3185 (1996); Phys. Rev. Lett.77, 2113 (1996).
[7] T. A. Jung, R. R. Schlittler, J. K. Gimzewski, H. Tang, and

C. Joachim, Science271, 181 (1996).
[8] X. Bouju, C. Joachim, C. Girard, and P. Sautet, Phys. Re

B 47, 7454 (1993).
[9] X. Bouju, C. Girard, H. Tang, C. Joachim, and

L. Pizzagalli, Phys. Rev. B55, 16 498 (1997).
[10] B. Neu, G. Meyer, and K. H. Rieder, Mod. Phys. Lett. B

9, 963 (1995).
[11] R. E. Walkup, D. M. News, and Ph. Avouris, Phys. Rev. B

48, 1858 (1993).
[12] J. A. Stroscio and D. M. Eigler, Science254, 1319 (1991).
[13] T. C. Shen, C. Wang, G. Abeln, J. W. Lyding, J. R. Tucker

Ph. Avouris, and R. E. Walkup, Science268, 1590 (1995).
[14] I.-W. Lyo and Ph. Avouris, Science253, 173 (1991).
[15] H. Ushida, D. Huang, F. Grey, and M. Aono, Phys. Rev

Lett. 70, 2040 (1993).
[16] C. T. Salling and M. G. Lagally, Science265, 502 (1994).
[17] S. Hosaka, S. Hosiki, T. Hasegawa, H. Koyanag

T. Shintani, and M. Miyamoto, J. Vac. Sci. Technol. B
13, 2813 (1995).

[18] T. T. Tsong, Phys. Rev. B44, 13 703 (1991).
[19] R. S. Becker, J. A. Golovchenko, and B. S. Swartzentrube

Nature (London)325, 419 (1987).
[20] P. Molinas, A. Mayne, and G. Dujardin, Phys. Rev. Lett

(to be published).
[21] P. Sautet and C. Joachim, Chem. Phys. Lett.185, 23

(1991).
[22] J. J. Saenz and N. Garcia, Phys. Rev. B47, 7537 (1993).
[23] A. B. Anderson J. Chem. Phys.62, 1187 (1975).
[24] N. Takeuchi, A. Selloni, and E. Tosatti, Surf. Sci.307,

755 (1994).
[25] J. C. Okon and C. Joachim, Surf. Sci.376, L409 (1997).
[26] L. Pizzagalli, J. C. Okon, and C. Joachim, Surf. Sci. (to b

published).
[27] The calculations will be published in detail elsewhere.


