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Surface dynamics studied by perturbing the surface with the tip
of a scanning tunneling microscope—Si  (100) at 80 K
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We have utilized the tip of a scanning tunneling microscope to perturb a specific local sti(ticture

C defec} of Si(100 at 80 K, and observed the dynamical symmetrimickled transition of the
surrounding dimers. The observed large-scale transition implies that the configuration of the dimers
is determined by a detailed balance among many elastic long-range forces generated by the
surrounding C defects. @998 American Institute of Physids$S0003-695(98)03727-9

The ability of the scanning tunneling microsco(®&T M) tivity of 0.005 () cm. After the sample was prebaked at
is not only restricted to imaging the static atomic structure of~700 °C for one night, it was flashed to 1200 °C for several
the surface. By manipulating the tip of the STM and apply-seconds and cooled down to 80 K.
ing a controlled electric field to a specified target, transfer of  An example of the perturbation and the accompanying
single atoms and fabrication of nanoatomic structures havdynamical transition of the dimers is displayed in a set of
been demonstratéd? Since the concept of atomic manipu- consecutive STM images in Fig. 1. Figuréalshows the
lation was introduced, this technique has been applied tsurface before perturbation. The white region at the lower
many surfaces, for example, to fabricate atomic structures déft represents a step edge and an upper terrace. The C defect
desired desigh, to confine electrons to artificial in the center indicated by an arrow is the target. Every time,
nanostructure$and to extract Si adatonisThe technique of  before perturbation, the surface was scanned with both nega-
atomic manipulation can also be used as a method to pertuttve and positive surface bias to confirm that the target has
a specified local atomic structure and to excite a portion othe characteristics of the C defect mentioned afterward. The
the surface into a nonequilibrium state. Another, and importip of the STM was positioned above the target C defect, and
tant, application of the STM is its ability to visualize real- a ramped biagtypically —2—-2 V, 7 m3g was applied several
time dynamical processes on surfatdn. situ observations times(~16 rounds. By this procedure we could destruct the
of crystal growth, adsorption, and atomic diffusion have re-
vealed a wealth of information inaccessible by other meth-
ods.

Combining the technique of atomic manipulation and
dynamic visualization STM would give a unique opportunity
to study the surface dynamics through observation of the
local excited state and its relaxation to an equilibrium stage.
In this letter we report on an application of these techniques
to Si(100 at 80 K to study the dynamics of dimers. On
Si(100) at low temperature$80 K), a special targetC de-
fect) was perturbed by positioning the STM tip above it and
applying a controlled electric field. The response of the sur-
rounding dimers was dramatic and an avalanche type dy- §
namical symmetrie>buckled phase transition of the dimers
was observed. It can be understood by the fact that the sur-
face is forced into an excite@netastable state by the per-
turbation. If an appropriate temperature is chosen, it is pos-
sible to observe, by subsequent scanning, both the excited

state and the dynamical relaxation of the surface in response
to the localized perturbation until a new ground state is es-
tablished. Direct observation of the dynamical transition re-
veals a wealth of important implications concerning surface
dynamics. (e) \\ [g}
Si(100 samples were phosphorus doped with a conduc-
FIG. 1. Four STM images showing the dynamical response of the surface to
a perturbation. The red regions show the symmetric dimer domains induced
¥Electronic mail: hata@mat.ims.tsukuba.ac.jp or by the perturbation. Tunneling conditions: 0.6 V and 1 nA. The schematics
hidemi@mat.ims.tsukuba.ac.jp show the stick and ball atomic structure of the initial, excited, and final
World Wide Web: http://www.ims.tsukuba.ac.jp/lab/shigekawa/index.html states.
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FIG. 3. Another example of perturbatiofe) A large scale STM image
showing an overview of a large symmetric regioed). (b) A closeup show-
ing the boundary of the symmetric and buckled dimer domdir)sThe C
defect located at the boundary indicated by the red arrows was pertddped.
Final configuration after perturbation. Tunneling conditions: 0.6 V and
1 nA.

FIG. 2. (a) Stick and ball model showing the dowip) atoms of the

buckled dimers. Red and blue represent ¢féx2) andp(2Xx2) phases, . . . .
respectively. The schematic structure of the C defect and P defects is redn antiphase alignment of these buckled dimer rows gives a

resented by the black atonis) Schematic showing many P defects migrat- surface phase af(4x 2) [blue region in Fig. 2a)], while an
infgdélong ”E)e dimzrgogsﬂ\rde?ﬁ”gsig '\;‘U rfppafennihsy’rf_m;‘?tsﬂhco\fé“;i%\llli(rjae“roﬁnphase alignment gives@(2x 2) [red region in Fig. 23)].
?egigec:fst?]esgzl\'llsl im)allge or?the ?e(ftegioln :L?reroounde% Ibgy a bpxTunnel- At 80 K, th? STN! Images Sh_OW sqrfaces Covered, W](h
ing conditions: 0.6 VV and 1 nA. X2) domains with a certain ratio of symmetric dimer
domains>®
By looking through a number of STM images at low

C defect routinely with a probability estimated roughly at temperatures we reached the conclusion that the configura-
50%. Never did the same perturbation induce a noticeablggn of domains is mainly regulated by the defects on the
transition when the tip was located above the dimers. It isgyrface, particularly, by the C defects. When probing the
important to realize that STM images are not snap shots ofjied states, the C defects appear to be two adjacent Si atoms
the surface. Ordinary scanning was halted when the tip camgyissing along the dimer row direction as shown schemati-
above the target, and the C defect was perturbed. After thagally in Fig. 2a), and these C defects are observed as bright
scanning was resumed. Theaxes of the scanning are rep- protrusions in the empty statéis is our definition of the C
resented by the dotted lines in Figgbpand Zc), while the  defec). The C defect is a phase shifter by nature. If one side
black arrows show thg direction. An increase in thg co-  of the C defect is the(4x 2) phase, the other side must be
ordinate not only means a change in location but also aghe p(2x2), as shown in Fig. 2. However, a widg(2
increase in time. Considering these facts, it is possible toa<2) domain is never observed at 80 K, and regions sup-
understand that the excited state is composed of the lowgjosed to reconstruct to th®2x 2) phases are usually ob-
part of Fig. 2b) below the dotted line and the upper part of served as symmetric dimer domains. A typical example is
Fig. 2(c) above the dotted line. At the moment of perturba-shown in Fig. Zc), where two antiphase(4x2) domains
tion, the upper part of the perturbed dimer row and thregblue) are regulated by two C defects. The region sand-
buckled dimer rows on the right turned into a symmetricwiched by the twoc(4 X 2) domains, which is supposed to
configuration, seen in red. Dynamical relaxation from thereconstruct to the(2x2) phase, appears as a symmetric
excited state was observed 3 min after perturbation as showdimer domain(red.
in Fig. 1(c). In the course of the dynamical relaxation, the It is proposed that numerous phasons nominated as P
newly born symmetric dimer rows returned into a buckleddefects are migrating along the symmetric dimer rows far
configuration as shown in Fig.(d). Figure 1d) shows the faster than the scanning of the STMn such a case, basi-
new ground state established. cally the dimers are buckled, although they appear symmet-

Before giving a detailed analysis, we want to describeric in STM as shown schematically in Fig(. The crystal-
the characteristics of the symmetric and buckled dimers oblographic structure of the P defects is exactly the same as the
served at 80 K by the STM. The basic building block of theC defect, although the P defects are movable and do not
Si(100) reconstruction is a buckled dimer. Buckled dimersappear as bright protrusions when probing the empty states.

align in an antiferromagnetic order making up a dimer row.When this P defect moves along a dimer row, the surface
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reconstruction switches from the(4X2) to the p(2Xx2) down the buckled dimer domain and forces the surface into a
phase or vice versa. In this sense the P defect is a phasametastable state. We believe that when the C defect is
The existence of the P defect was first directly confirmed bystrongly perturbed, the pinning effect is released, resulting in
STM observations at 6 K.At 80 K, the symmetric dimer the observed large-scale dynamical transition.
regions can be regarded as a “sea” of these phasons impris- Since Figs. 1a) and Xd) are quite similar, one might
oned by the C defects. conclude that the initial and new ground states are quite
At this stage, we return to the result of Fig. 1 and inter-similar, but this is not correct. By comparing STM images of
pret the data in terms of the concept of the P defect in symwider regions before and after perturbatigrot shown, it
metric dimers. Structural models of the initial, the excited,became clear that a new symmetric dimer domain has
and the final state around the target C defect are presented @merged in the upper region which was once a wide buckled
Figs. 2e), 2(f), and 2g). By comparing the configuration of dimer domain. This means that the influence of the perturba-
dimers of the perturbed dimer row in FiggeRand Zf), we  tion has extended a long distance. This example is not an
can see that, by perturbation, the C defect has been convertedception. Frequently we observed a dynamical transition
into an unidentified defect which is not a phase shifter. Thisgnduced by perturbing a single C defect, in which thousands
means thka P defect has been created by the perturbatiompf dimers changed their configuration. An example is shown
which carries the phase shifter ingredient of the C defect. Wén Fig. 3. At the beginning, there exists a large symmetric
suppose that the newly born P defect has migrated upwardjmer domain[colored red in Figs. & and 3b)]. The C
and is the origin of the symmetric dimers observed there irdefect located at the boundary of the buckled symmetric
the excited state. In the course of the dynamical relaxationdimer domain indicated by the arrow was perturbed as
not only did the symmetric dimers convert into buckled shown in Fig. 8c). At the moment of destruction, the wide
dimers, but thea(2X 2) phase observed at the left side of the symmetric dimer domain converted into a buckled dimer do-
C defect also switched into@ 4 X 2) configuration. Indeed, main. Numerous changes occurred and the final configura-
we assume that the existence of thi2x2) phase is the tion became very different from the initial state as shown in
direct cause of the dynamical relaxation, because, at thiBig. 3(d), the large symmetric dimer domain has been re-
temperature, the(4X2) phase is favored. The transition placed by a buckled dimer domain and a new symmetric
can be explained in two waysi) the P defect has migrated domain has emerged in the lower part of the terrace.
downward into the step edge, and associated with this migra- We can regard the surface morphologies before and after
tion, thep(2x 2) phase converted intod4 X 2) phase{ii)  perturbation as representing the equilibrium surface configu-
a new P defect was produced at the step edge and migrateation with and without the C defect. Therefore comparing
upward, uniting with the P defect produced by perturbationthe two configurations will give a unique opportunity to
In both cases, the perturbed dimer row is left with no Pstudy the influence of the C defects on the buckled dimers.
defects, corresponding to the dissipation of the symmetri@he drastic difference between the two configurations indi-
dimers in the final ground state. cates that the elastic stress produced by the C defect extends
When the weak interaction among the dimer rows isa long distance and that dimer configuration is determined by
considered, it is surprising to find that the effect of perturba-a detailed balance among many long-range forces produced
tion extends to other dimer rows. In the excited state, symby the surrounding defects.
metric dimers emerge not only in the perturbed dimer row In conclusion, we have combined the technique of
but also in adjacent rows. This suggests that phasons hawatomic manipulation and the dynamic visualization STM and
come into being even in the adjacent rows. At 80 K, it isapplied them to $100) at 80 K to study the dynamics of
reported that phasons in adjacent rows have a strong tewlimers. By perturbing the C defect, an avalanche type
dency to form pairg, which is explained, in first-order ap- symmetriezbuckled phase transition of dimers was ob-
proximation, as a reduction of the tofa{2x2) area by this served.
pairing. Experimental results of Fig. 1 imply that the artifi-
cially created phason has induced another phason in the ad®D. M. Eigler and E. K. Schweizer, Natuf&ondon 344, 524 (1990.
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