
VOLUME 76, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 11 MARCH 1996

d

110)
ly
er
minutes.
pe of

1888
Tip-Assisted Diffusion on Ag(110) in Scanning Tunneling Microscopy
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The influence of the tip in a scanning tunneling microscope on the atomic motion of Ag on Ag(
is investigated atT  50 and295 K. At T  50 K the tip can move single Ag atoms preferential
along [11̄0] via an attractive interaction. AtT  295 K, the tip can displace monatomic steps ov
distances as large as several hundred Å. The structures thus created decay on a time scale of
In contrast to prevailing assumptions significant tip-induced disturbances of the equilibrium sha
steps are observed even at sub-nA tunneling currents.

PACS numbers: 68.35.–p, 61.16.Ch, 68.55.Jk, 81.10.Aj
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Imaging of atomic surface structures and process
has become common since the invention of the sc
ning tunneling microscope (STM) [1]. Simultaneously
engineering of artificial structures with nanometer or ev
atomic dimensions has become feasible in many labora
ries [2–5]. Whether a structure is imaged or manipulat
depends on its stability with respect to the extreme con
tions which exist between sample and tip. In the tunneli
gap the electric field strength approaches values which
sufficient to break atomic bonds and the current densit
can exceed those of conventional electron beams by m
orders of magnitude [6]. Fortunately, as experience h
shown, many aspects of STM images can still be inte
preted assuming that tip-induced disturbances are neg
ble. However, does this assumption still hold when t
STM is used to study the atomic details of more suscep
ble phenomena such as diffusion or surface roughening

In this Letter we address one aspect of this proble
In STM images of monatomic steps on Ag, Au, Cu, an
Pb surfaces obtained at ambient or elevated temperat
successive scan lines show abrupt, random jumps (“friz
ness”) of what appears to be the step position [7–1
This observation has been interpreted in terms of th
mal diffusion or kink-creation processes at steps whi
are undersampled in time. From statistical analyses
the jumps activation energies have been inferred. Oft
a possible influence of the tip was excluded or not d
cussed. On the other hand, from their STM images
Cu(111), Thibaudau and Cousty inferred that tip-surfa
interaction may play an active role in the appearance
steps [14]. Spelleret al. [13] observed indications for tip
effects on Pb at low tunneling resistances (Rt  8.3 MV)
and, therefore, did not fully exclude a contribution of tip
surface interactions to the frizziness at larger resistance

Here, STM observations of atomic mobility on Ag(110
at cryogenic and ambient temperatures are reported.
principal results are as follows: at low temperature
individual atoms can be controllably moved by th
tip along [11̄0] (i.e., through troughs between dense
packed atomic rows), yet steps usually appear smooth.At
ambient temperatures, however, the STM tip can displa
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steps over distances as large as several hundred.
The nonequilibrium step shapes thus created decay o
time scale of minutes akin to three-dimensional profile
used to measure surface self-diffusion [15,16]. We fin
that on Ag(110) tip-assisted motion occurs even f
large resistances (Rt  4 GV) and, therefore, jeopardizes
previous interpretations of the frizziness of steps.

The experiments were performed with a custom-bu
ultrahigh vacuum (UHV) STM operated at temperature
T  50 and295 K [17]. The Ag(110) surface was pre-
pared by Ar ion bombardment and annealing cycles. I
dividual Ag atoms were obtained by extraction from ste
edges with the STM tip or by evaporation onto the A
substrate atT  50 K. Electrochemically etched W tips
were prepared in UHV by heating and Ar ion bombard
ment. Similar results were obtained with freshly prepar
tips and tips which had been used for several days.
STM images were acquired in the constant current mo
and are displayed such that the scan lines (fast scan di
tion) are horizontal and scanning proceeds from the b
tom to the top.

The result of a manipulation experiment performed
T  50 K is shown in Fig. 1. Image 1(a) which was
acquired withit  2 nA shows a flat terrace on which
the rectangular unit cell of Ag(110) is resolved. Thre
adatoms (1, 2, 3) are imaged as protrusions. In 1(b)
same area is imaged usingit  53 nA in the lower part
and it  2 nA at the top. This variation ofit leads to
an abrupt change of the apparent surface height which
visible in the upper part of the image. More importantly
the adatoms are displaced along [11̄0] at high it . Atoms
1 and 2 are pulled by the tip until the current is finall
decreased whereas atom 3 is displaced byø0.9 nm only.
While being pulled the atoms are repeatedly imaged
small protrusions. The image of the underlying Ag terra
is essentially unchanged. Image 1(c) shows the fin
adatom configuration after the manipulation experiment

To understand Fig. 1(b) one should recall that th
present STM images were acquired by scanning t
surface area line by line proceeding from the botto
to the top of the image. If one assumes that there
© 1996 The American Physical Society
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FIG. 1. Pseudo-three-dimensional images of a6.3 nm 3
6.0 nm area of a Ag(110) surface atT  50 K. Image (a)
was acquired withit  2 nA and Vt  20.36 V. It shows a
terrace on which the Ag(110) unit cells are resolved. Three
adatoms (1, 2, 3) are imaged as protrusions. In (b) the s
area is scanned withVt  20.02 V using it  53 nA in the
lower part andit  2 nA at the top. The variation of theit
causes the abrupt change of the apparent surface height. M
importantly, the adatoms are displaced along [11̄0] at high it.
While being pulled the adatoms are repeatedly imaged as s
protrusions. Image (c) shows the final configuration after
manipulation experiment (it  2 nA).

an attractive interaction between the tip and the at
which at a distance ofø3 Å is sufficiently strong to
move an adatom along [11̄0] but too weak to permit
motion across atomic rows, one is led to the followin
interpretation. During the scan lines at the bottom
Fig. 1(b) the surface is imaged as in 1(a). When the
passes horizontally one unit cell below an adatom it
pulled downwards by one unit cell [18]. The interactio
of tip and adatoms is not sufficiently strong, however,
move the adatoms sideways. In the subsequent scan
adatoms are imaged repeatedly and pulled upwards a
[11̄0] in a series of jumps between hollow sites.

We have performed such experiments for vario
tunneling parameters in which atoms were displaced o
many unit cells. Typically, the tip-induced motion occu
for MV tunneling resistances. In previous experime
performed atT  4 K lower resistances were required t
cause motion of Pt on Pt(111) and Fe on Cu(111) [3]. W
attribute this difference most likely to thermal vibration
at T  50 K in our experiment.

At T  50 K tip-surface interactions at nA currents su
fice to move single atoms. One would expect significa
effects of the tip at even lower currents in experimen
at ambient temperatures where thermal excitations p
mote atomic mobility. Figure 2(a) displays a represe
tative image of monoatomic steps on Ag(110) measu
at T  295 K together with a more highly resolved im
age of the central region in Fig. 2(b). A rather straig
step extends from the bottom to the top of the ima
The apparent position of the step edge fluctuates stron
between the scan lines of the image as has been
served previously on various surfaces [7–13]. A cle
change occurs when the current is increased toit  10 nA
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FIG. 2. (a) Gray-scale representation of a STM image
a s160 nmd2 area of Ag(110) obtained atT  295 K. Three
terraces are separated by a curved (left) and a straight (rig
monatomic step. (b)s64 nmd2 closeup of the central part of
(a) (it  0.1 nA, Vt  0.37 V). At the step edge frizziness
is visible. (c) The same area as in (b) scanning atit 
10 nA. While the step position is hardly changed in the firs
few scan lines (bottom) it gradually shifts to the left as th
scanning proceeds. A contamination spot marked by arrows
(b) and (c) serves as a reference point. Subsequently, im
(d) was measured on approximately the same area as (a).
bell shaped protrusion has formed at the formerly straight st
In the vertical direction it exceeds the area scanned in (c).

[cf. Fig. 2(c)]. While the step position is hardly change
in the first few scan lines (bottom) it gradually shifts to th
left as the scanning proceeds. At the top of the image
step edge has been displaced byø30 nm to the left. One
minute later, Fig. 2(d) was measured on approximately t
same area as Fig. 2(a) using a smaller currentit  0.1 nA
again. A bell shaped protrusion has formed at the forme
straight step.

This experiment demonstrates that atit  10 nA the
scanning strongly modifies the step shape and causes
accumulation of material on the lower terrace. Therefor
the shape of steps on Ag(110) and, in particular, t
atomic-scale variations between scan lines should n
be interpreted in terms of diffusion alone. This cal
the prevailing interpretation of frizziness into question
We note that the moderate currents used in the pres
experiments are sufficient to create protrusions of typic
dimensions of 10–50 nm. The atomic details of mobilit
at steps may be affected atit ø 10 nA although it may
be more difficult to unambiguously identify these effects
1889
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The protrusion formed in Fig. 2 represents a noneq
librium shape of the monoatomic step which had be
approximately straight prior to its modification. Ther
fore, a relaxation to its initial state is expected. Figure
shows four images selected from a time-lapse seque
of measurements. On a time scale of 20 min the ar
cial step profile decays until it finally is approximate
straight again [Figs. 3(a)–3(d)]. We note in passing th
the decay of artificial surface profiles has frequently be
used to measure surface self-diffusion [16,19]. Using
phenomenological description developed by Mullins [1
we have performed a numerical evaluation of the obs
vations of Fig. 3 which favors evaporation of atoms fro
the step onto the terrace with respect to diffusion alo
steps as the principal decay channel.

It is important to test whether the effect of the t
can be neglected at the low current (it  100 pA) used
for the imaging in Fig. 3. A closer look at the dat
from Fig. 2 reveals that on Ag(110) even these curre
can be sufficient to provoke a measurable distortion
steps. Figure 4(a) shows a magnified view of the mark
region in Fig. 2(a). The same area scanned at a 3 tim
higher data point density is displayed in Fig. 4(b). T
arrowsR mark the unchanged position of a contaminati
spot which is used as a reference to exclude ther

FIG. 3. Time-lapse sequence of images showing the evolu
of the area of Fig. 2(d). The time when acquisition ended
minutes) is noted on each image. (a) The step directly a
manipulation in the central region of the image. A protrusi
has been formed. (b)–(d) The decay of the protrusion. T
lateral drift during acquisition of the images is negligible
apparent from the unchanged positions of contamination sp
Vt  0.37 V, it  0.1 nA.
1890
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lateral drift [20]. The position of the step as observed i
Fig. 4(a) is indicated as a dotted line in Fig. 4(b). At th
bottom of the image the step positions from 4(a) and 4(
coincide. During scanning a continuous shift of the ste
position to the left is observed. This finding is identica
to the case of Fig. 2(c) and directly indicates tip-assiste
motion. From an analysis of many such observation
we exclude thermal step wandering as the underlyin
mechanism. The shift of the step position betwee
Figs. 4(a) and 4(b) occurs despite the identical tunnelin
currents used owing to the different line densities (0.4
and 0.16 nm, respectively). We note that contaminan
(arrow C) can affect the tip-assisted motion. Figure 4
represents the principal finding of this Letter:Even at sub-
nA currents the STM tip can significantly affect the atom
motion of Ag on Ag(110) at ambient temperature.

Returning to the question of which mechanisms a
involved in forming the protrusion in Fig. 2(d) we are
confronted with an intriguing problem. The protrusion is
comprised ofø104 atoms. Taking into account that it
was created by recording Fig. 2(c), which consists of 40
scan lines, one finds that on averageø25 atoms have been
accumulated during each scan. It appears unlikely that t
tip would extract such an amount of material. Moreove
in Fig. 2(c) a gradual shift of the step position is initially
observed which contradicts such a hypothesis. We furth
exclude the possibility that the shift is predominantly du
to material transfer between the tip and the sample. Su
an effect is readily detected by monitoring the vertical ti
position.

The experimental observations of Fig. 3 demonstra
that surface diffusion is active and thus needs to b
considered in explaining the formation of the protrusion
We therefore tentatively propose the following scenario
At T  295 K, the tip can extract a few atoms from the
step which are pulled onto the lower terrace. Since the t

FIG. 4. (a) A magnified view of the marked region in
Fig. 2(a). (b) is identical to Fig. 2(b). Owing to the higher
data point density used (b) appears better resolved than (
The arrowsR mark a contaminant serving as a reference poin
The position of the step from (a) is marked as a dotted line
(b). At the bottom the step positions in (a) and (b) coincide
During scanning a continuous shift of the step position to th
left occurs indicating tip-assisted motion.
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motion is slow (one unit cell per 0.4 ms) compared to th
atomic diffusion on the terraces (mean square displacem
ø16 nm2 in 0.4 ms [21]), diffusing atoms can condens
at the atoms fixed by the tip and at the structure bu
up during the scan lines before. The attractive for
of the tip may enhance this condensation. Thus t
vacancies between these atoms and the step are filled
diffusing atoms from the neighboring area. This conce
is consistent with several experimental facts. First, w
find a gradual buildup of the protrusion. Next, since th
number of surface atoms is conserved, vacancies sho
be generated nearby. This is indeed the case. In sev
experiments material is found to be lacking on both sid
of the protrusion compared to the initial position of th
step. Occasionally, holes are formed in the upper terra
These observations are consistent with diffusion of t
vacancies left by the atoms which were accumulated
the protrusion. Finally, in the experiment the formation o
a protrusion is strongly affected by the distance betwe
adjacent scan lines and by the scanning angle with resp
to [11̄0]. At low temperatures these parameters were fou
to directly influence the ability to move adatoms.

In summary, atT  50 K a STM tip can displace
single Ag atoms on Ag(110), preferentially along [11̄0].
This motion occurs via an attractive interaction. A
ambient temperatures, the tip can significantly distu
the equilibrium shape of steps even at sub-nA tunneli
currents. This finding contrasts the previous assumpt
that STM imaging of diffusion processes is essential
nonperturbative. The step shapes thus created decay
a time scale of minutes.
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