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Scanning tunneling microscopysSTMd and spectroscopy were used to study the structural change between
cs432d and ps232d on highly dopedn-type Sis100d surfaces at 6 K. Sample voltage control during STM
imaging allowed us to manipulate the surface structure betweencs432d and ps232d. We found that the
sample voltage for producingps232d fcs432dg depends upon the tip-sample distance and dopant concentra-
tion. Coinciding with that, energy shifts of thep* spd state in tunneling spectra were observed. These results
suggest that the structural change caused through STM was due to electronsholed injection into thep* spd
state. Also, the difference in how thecs432d and ps232d domains emerge, when electrons or holes are
injected into the surface, can be understood by considering the electronic features of thep andp* states.
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I. INTRODUCTION

The reconstruction of the Sis100d surface at room tem-
peraturesRTd is widely known as a relatively simple 231
dimer structure. The 231 periodicity is due to the thermally
activated flip-flop motion of asymmetric dimers.1 When the
surface is cooled to below 200 K, the flip-flop motion is
frozen and buckled dimers are observed.2 Accordingly, the
buckled dimers form two possible periodic arrangements:
cs432d or ps232d fFig. 1sidg. Theoretical calculations have
revealed that the energy of thecs432d structure is a few
meV lower than that of theps232d one.3 Therefore
cs432d has been accepted as the ground state structure of
the Sis100d surface, which is consistent with the experimen-
tal observation down to 65 K.4–6 However, recent studies
using scanning tunneling microscopysSTMd and low energy
electron diffractionsLEEDd have challenged the ground state
model and suggest phase transitions to theps232d surface7,8

or the flip-flop dimers9,10 below 40 K.
Theps232d structure observed by STM around the liquid

N2 temperatures77 Kd consists of fractions in association
with defects, whilecs432d is predominant. However, Hata
et al. observed a single phase ofps232d on an n-type
sample at 9 K by STM and suggested that the surface phase
transition betweencs432d and ps232d occurs around
40 K.7 Their subsequent study suggested that thecs432d
structure appeared at 5 K due to the tip-surface interaction.8

On the other hand, Matsumotoet al. detected by LEED a
rapid decrease in the intensity of the quarter-order diffraction
spots below 40 K.10 They interpreted the result as the phase
transition from the ordered surface ofcs432d to the disor-
dered surface, which supported the STM observation of the
flip-flop dimers at 5 K.9

Previously, we reported that the emergence ofps232d
and the flip-flop dimers at 4.2 K is generated by an STM
scan and is not the intrinsic nature of the Sis100d surface.11,12

We suggested that tunneling electron injection plays a role in
the surface phase modification. From such a finding, we con-
cluded that the most stable configuration of the Sis100d sur-

face iscs432d even at low temperature near liquid He. Also,
the interesting nature of the Sis100d surface that develops at
low temperature can explain the above controversial experi-
mental results.7–10

In this paper, we present more extensive STM results con-
cerning phase manipulation on the Sis100d surface, which
give a better understanding of the emergence ofps232d. We
find a correlation between the sample voltage that induces
the ps232d structure and the energy position of the empty
dangling bond state in tunneling spectra, which suggests that
ps232d is induced by tunneling electron injection into the

FIG. 1. sColor onlined A series of empty state images of the
Sis100d surface recorded with an increasing sample voltage at 6 K.
Theps232d regionsblued and the flip-flop dimerssredd are colored
for viewing. Sample: 0.01V cm, I =0.5 nA.
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upper part of thep* state. Thecs432d surface is recovered
when carriersselectrons or holesd are injected into electronic
states other than thep* state. The mechanism for the emer-
gence ofps232d is well explained by considering the quasi-
one-dimensional electronic nature of thep* states localized
within the bulk band gap and the theoretically predicted
charging effect.13,14

II. EXPERIMENT

We performed the STM observations in an ultrahigh
vacuum sUHVd chamber with a base pressure of
,3310−9 Pa. All STM images and scanning tunneling spec-
troscopy sSTSd data were acquired with electrochemically
etched tungsten tips. Each tungsten tip was cleaned by
electron-beam bombardment prior to use. The tip reliability
for the STS data was confirmed by also using platinum-
coated tungsten tips. Both tips provided almost the same
spectrum features, although slight energy shifts in the spectra
were observed when using different tips. STS anddI /dV
imaging were applied by using a lock-in amplifier with
modulation voltages of 10–20 mV and frequencies of
5–9 kHz. We used highly dopedn-type Sis100d samples of
two different resistivitiess0.01 and 0.001V cm at RTd. The
samples were degassed overnight in UHV and flashed to
1200 K for 10 s to obtain clean surfaces.

III. RESULTS AND DISCUSSION

A. Conditions for the emergence ofp„2Ã2…

Figure 1 shows how theps232d surface grew as the
sample voltage increased. The initial surfacefFig. 1sadg was
dominated by thecs432d structure and only fractions of the
ps232d structure were observedsin the upper right of the
imaged. When the surface was scanned belowV= +0.7 V, no
structural anomalies were observed. When the sample volt-
age was raised to aboveV= +0.7 V, the flip-flop motion of
dimers was observed to start and then the dimers tended to
stabilize in theps232d arrangement. The phase change was
observed to happen dimer row by dimer row. The phase tran-
sition efficiency rose as higher sample voltages were applied.
However, the effect ofV= +0.7 and +0.8 V was not enough
to change the entire scanned area. Even several scans with
such intermediate voltages led to only partial dimer rows of
the ps232d phase. The largest areas ofps232d emerged
when the surface was scanned atV= +1.0 or +1.1 V. The
sample voltage aboveV= +1.2 V provided an image of a
symmetriclike structurefFig. 1sgdg, which is known to not
reflect the buckled dimer structure.5,15Thus the surface phase
was not recognizable aboveV= +1.2 V. The effect of a high
voltage scan on the surface structure, where flip-flop dimers
or the symmetric image make it difficult to evaluate the com-
position, can be indirectly confirmed by decreasing the
sample voltage to image a static surface after applying the
sample voltage to be tested. For instance, Fig. 1shd was re-
corded withV= +0.6 V just after the surface was scanned at
V= +1.2 V fFig. 1sgdg. Comparing Figs. 1sad and 1shd, we
can clearly see that the high voltage scan transformed the
initial cs432d surface to aps232d predominant surface.

The flip-flop motion stopped atV= +0.6 V and the trans-
formed surface formed byV= +1.2 V was retained.

We investigated the response of the Sis100d surface to
different sample voltage as a function of the set current for
two different dopant concentration samples. Figure 2 shows
domain populations ofcs432d, ps232d, and flip-flop
dimers. These were counted from images recorded with vari-
ous sample voltages, similar to those in Fig. 1 but with a
larger areas30330 nmd. All data in Fig. 2 reflect a tendency
similar to that described above: the population ofps232d
increased as the voltage was raised while that ofcs432d
decreased. For the 0.01V cm sample, the voltage depen-
dence shifted toward a higher voltage when the set current
increasedfFig. 2sadg. In contrast, the voltage dependence for
0.001V cm appeared at a lower voltage than that for
0.01V cm, and showed only a slight shift as the set current
increasedfFig. 2sbdg. The same experimental procedures
were repeated for several samples using different tips and the
same tendencies were observed. However, the tip quality af-
fected the absolute position of the dependence curve with
respect to the sample voltage, and its influence was more
prominent for the 0.01V cm sample.

The results in Fig. 2 provide much information on the
emergence of theps232d phase. The voltage dependences in
Fig. 2sad can immediately answer a question that arose in our
previous study: why did the phase transition fromcs432d to
ps232d occur when the set current was decreased at a con-
stant voltage?11 The answer is that the threshold voltage
needed to induce the flip-flop motion andps232d for the
0.01V cm sample depends greatly on the set current. As an
extreme example, when the surface is scanned withV
= +0.8 V and I =5.0 nA, thecs432d dominant surface is
observed to be stable. KeepingV= +0.8 V and decreasing
the tunneling current to 0.05 nA causesps232d and flip-flop
dimers to appear. Disagreement between the results of Fig. 2
and those in our previous experiments11 regarding the com-
bination of voltage and current quantities was probably due
to the tip apex quality. During STM observation, the tip qual-
ity sometimes fluctuates. We noticed that such an occurrence
varied the tip-sample separation and changed the threshold
voltage for producingps232d. Since the quality of the tip
apex is difficult to specify, we cannot discuss any further the
influence of the tip upon the voltage dependence of the phase
manipulation, but this will not affect our discussion below.

Yoshidaet al. stated that there is an intrinsic phase tran-
sition from cs432d to ps232d below 40 K, and interpreted
the cs432d phase observed with a low sample voltage at
5 K as a structure induced by the tip-sample interaction.8 As
shown in Fig. 2, theps232d phase appeared when we in-
creased the sample voltagesfor both 0.01 and 0.001V cmd
or decreased the tunneling currentsfor 0.01V cmd. They in-
terpreted the effects of change in the STM parameters
ssample voltage and tunneling currentd upon the structural
change as a decrease in the tip-sample interaction. However,
Fig. 1shd reveals that such a probe effect does not happen.
We confirmed that, as long as the surface was kept scanned
at or belowV= +0.6 V, no change in the surface structure
occurred, although a voltage that was too low sometimes
ruined the tip apex.
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Similar structure manipulation was recently done on the
Ges100d surface.16–18 Phenomena common to both the
Sis100d and Ges100d surfaces were thatps232d fcs432dg
was produced when the surfaces were scanned with a posi-
tive snegatived sample voltage higher than a threshold. To
explain the phase manipulation on a Ges100d surface, Takagi
et al. proposed a model based on electric field-dimer
interaction.18 Since an asymmetric dimer is characterized as
a dipole due to charge transfer between the up and down
atoms,19 the polarity of a field applied to the dimer may
influence the energy balance betweencs432d andps232d.
However, the electric field effect is not enough to explain
the results of Fig. 2. In general, as the set current increases,
the tip approaches the sample surface and the magnitude of
the electric field increases between the tip and surface. Con-
sequently, if the electric field induces the phase transition, a
lower voltage would initiate it when a higher current is used.
However, as the tip is closer to the surface, higher voltages
are necessary to produceps232d on the surface of a
0.01V cm sample. In the case of 0.001V cm, the tip-surface
distance does not greatly influence the voltage dependence. It
is unlikely expected that the dopant concentration of a sub-
strate would affect the magnitude of the tip electric field
applied to the dimers in the topmost surface. Therefore the
electric field effect is unlikely to explain the behavior of the
surface shown in Fig. 2.

Since there is a potential barrier of 0.1 to 0.2 eV for flip-
ping a dimer,20,21 a certain energy is needed to produce the
ps232d domain. A plausible explanation for this is the in-
elastic scattering of tunneling electrons. However, the results
of Fig. 2 show that a single effect of electron scattering upon

the flip-flop motion is unlikely because the threshold voltage
for the flip-flop motion should not be raised by an increase in
the quantity of injected electrons or a decrease in the tip-
sample separation. Furthermore, the effect of inelastic scat-
tering is not apt to explain the difference in the voltage de-
pendence between two samples with different dopant
concentrations, unless the dopant concentration affects the
energy barrier for the flip-flop motion. The estimated barrier
height for flipping a dimer on Ges100d is 0.3 to 0.4 eV,22,23

whereas that on Sis100d is 0.1 to 0.2 eV.20,21 Nevertheless,
the threshold voltage is only 0.7 V for Ges100d,16 which is
equal to or even smaller than that for Sis100d.

The flip-flop motion shown in Figs. 1sbd–1sfd seems to
emerge because of fluctuation in the energy stability of
dimers in between thecs432d and ps232d phases rather
than because of simple excitation through the inelastic scat-
tering process. If the flip-flop motion is caused solely by the
inelastic scattering effect, when we scanned the surface with
higher voltagesfFigs. 1sdd–1sfdg, more dimers should have
been observed to flip-flop rather thanps232d becoming pre-
dominant. Although the inelastic process may cause the flip-
flop motion when higher voltagesV. +1.2d is applied, we
cannot accept that as the major mechanism for the emer-
gence ofps232d.

The voltage dependence of the phase manipulation corre-
lates with the tip-sample separation and the resistivity of the
substrate, so it is worth studying the surface electronic states
and the effect of tip-induced band bending. Figure 3 shows
the STS data acquired from the 0.01 and 0.001V cm
samples as a function of the set current. Every spectrum has
three dominant features, which are consistent with the previ-

FIG. 2. sColor onlined Domain
populations of cs432d sfilled
squared, ps232d sopen squared,
and flip-flop dimersscrossd as a
function of the sample voltage.
Sample: sad 0.01V cm and sbd
0.001V cm. The domain popula-
tions were counted from STM im-
ages of 30330 nm areas recorded
at various sample voltages with
three different set currents. The
STM imaging was done at 6 K.
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ous results obtained at 80 K24 and at room temperature.25

These three peaks were previously assigned top, p* sp1
*d,

and another branch ofp* statessp2
*d, respectively.26,27 The

origin of the second peak observed in the empty state,
though, is still controversial. Since a symmetriclike structure,
as seen in Fig. 1sgd, is observed between the dimer rows and
around the energy where the second peak is located, it has
been suggested that the peak originates from unknown
statessd other than the dangling bond state.24 However, an
inverse photoemission spectroscopy measurement29 has re-
vealed only the dangling bond states in the energy region
below 2.0 eV. Also, computational simulation using the elec-
tronic state ofp2

* can emulate the STM image of the sym-
metriclike structure between the dimer rows,28 so we have
adopted the electronic state ofp2

* as the assignment of the
peak.

As shown in Fig. 3sad s0.01V cm sampled, when the set
current was above 0.1 nA, the peak shifts were observed in
the p and p2

* states. When the set current rose from
0.1 to 5.0 nA, the amount of energy shift in the position of
the p peak was approximately 0.3 eV, whereas thep2

* peak
shifted by nearly 0.6 eV. The observed energy shifts were
probably due to band bending induced by the tip electric
field. The p1

* state revealed a broad peak so its shift was
difficult to confirm. Thep1

* state dispersed by approximately
0.9 eV and the upper part of it overlapped thep2

*

state.3,27,30,31Thus p1
* was probably also affected by band

bending when the current set point was changed. According
to the results of a surface photovoltagesSPVd measurement
on an n-type Sis100d surfaces0.1 V cmd,32 the tip electric
field bent the band upwards by,0.6 eV whenV= +2.0 V
was applied and downwards by,0.1 eV whenV=−2.0 V.
Since our observations were performed at a low temperature
using a sample with a higher doping level, a quantitative
comparison of the peak shifts in Fig. 3sad to the SPV results
is not appropriate. However, the tendency of band bending in
Fig. 3sad—a positive snegatived sample voltage revealing

larger ssmallerd band bending—is qualitatively in good
agreement with the general nature of band bending on an
n-type substrate, as observed through SPV measurement.32

On the other hand, the 0.001V cm sample did not show such
energy shifts in the observed set current rangefFig. 3sbdg.
Since the 0.001V cm sample was a degenerate
semiconductor,33 its bulk conductance behaved like that of
metal with decreasing temperature. Consequently, we would
expect free carriers to effectively screen the electric fields in
the surface even at the low temperature and prevent the
peaks from shifting.

Comparing the results in Figs. 2 and 3, we find a correla-
tion between the voltage dependence of the domain popula-
tion of ps232d sFig. 2d and the behavior of the band bending
of the p1

* andp2
* peaks as a function of the set currentsFig.

3d. For the 0.01V cm sample, the domain population curve
of ps232d as a function of sample voltage moved toward
higher energy with an increasing tunneling currentfFig.
2sadg. Similarly, the p2

* peak in Fig. 3sad shifted toward
higher energy with an increasing set point current.sHere, we
look at thep2

* peak because its shift was easy to follow.d For
0.001V cm, on the other hand, such shifts were not ob-
served in either the domain population curve ofps232d
fFig. 2sbdg or the position of thep2

* statefFig. 3sbdg. These
facts suggest that the emergence ofps232d was initiated by
electron injection into the dangling bond state of the dimer.
Since the upper edge of thep1

* state overlaps thep2
*

state,3,27,30,31it is indefinite which state contributed more to
the transition.

B. Transition yield from c„4Ã2… to p„2Ã2…

To test the validity of our assumption that electron injec-
tion into the empty dangling bond state induces the emer-
gence ofps232d, we examined the transition yield against
the sample voltage. Figure 4 shows empty state images of
Sis100d recorded at the tested sample voltagessupperd and

FIG. 3. Tunneling spectra at 6 K as a
function of the set point current. Sample and set
point voltage: sad 0.01V cm, V= +1.1 V, sbd
0.001V cm, V= +0.9 V. Vpp=20 mV, f =9 kHz.
The three major peaks are, respectively, denoted
asp, p1

* , andp2
* .
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subsequent images recorded atV= +0.55 V slowerd. The lat-
ter images of a static surface enabled us to confirm the con-
sequence of using higher sample voltages to obtain the phase
transition, as shown in Fig. 1shd. The tests were repeated
within the same area, where the initial surface consisted of
the cs432d structurefFig. 4sadg. The surface was initialized

frestored to thecs432d surfaceg by scanning atV= +5.0 V
before testing at each sample voltage. As shown in Fig. 4sjd,
this procedure can provide an almost perfectcs432d sur-
face. In a range betweenV= +0.8 and +1.1 V fFigs.
4sbd–4sed, upper imagesg, the flip-flop motion and theps2
32d phase were observed, and theps232d area increased as

FIG. 4. sColor onlined Empty state images of the Sis100d surface at 6 K during phase transition with different sample voltagessupperd
and after the transition recorded atV= +0.55 V slowerd. The ps232d region sblued and the flip-flop dimerssredd are colored for viewing.
Sample: 0.01V cm, I =0.5 nA.
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we applied a greater voltageslower imagesd. For sample
voltages ofV= +1.2 and above, a symmetriclike structure
appearedfFigs. 4sfd–4sjd, upper imagesg, and theps232d
area decreased as we increased the voltageslower imagesd.

We applied the same procedure to a larger areas29
329 nmd to qualitatively evaluate the transition yield. Here,
the transition yield is defined as the ratio of theps232d area
to the entire scanned area, and the area ofps232d was esti-
mated from the images recorded atV= +0.55 V after the
tested sample voltage scan. Figure 5 shows the transition
yield plotted against the sample voltage and the STS spectra
for the 0.01 and 0.001V cm samples. The results indicate
that a specific sample voltage range is needed to transform
the cs432d phase to theps232d one. Furthermore, the
range agrees with the peak of thep2

* state. In accordance
with the Fig. 2 results, as the set current increases, the yield
curve for the 0.01V cm sample shifted toward a higher
energy.

The results in Figs. 4 and 5 again repudiate the possibility
of the electric field affecting the emergence ofps232d sRef.
18d and that of the tip-surface interaction affecting the emer-
gence ofcs432d.8 If the electric field induced theps232d
surface, the yield drop at higher voltage would not happen.
Also, if the tip interaction was significant, the images at
V= +0.55 V would not reveal different populations of
cs432d andps232d. There is a possibility of flip-flop exci-
tation caused by inelastic electron scattering at higher volt-
ages, and accordingly this would prevent dimers in the elec-
tric field from stabilizing inps232d. However, the strong
correlation between the yield curves and the tunneling spec-
tra supports the model of electron injection into the upper
edge of thep1

* state or thep2
* state causing the emergence of

ps232d.

C. Effect of negative sample voltage scans
upon the surface structure

The filled state image of a highly dopedn-type Sis100d
surface s,0.05V cmd intricately varies with the sample
voltage because the bottom of thep1

* state is filled with elec-
trons. As a result, the lower atom of an asymmetric dimer
principally contributes to a low sample voltage image, while
higher voltage images are determined by the ratio of tunnel-
ing electrons from between the upper and lower atoms. This
is one reason that a structure that appears symmetric is ob-
served in the filled state image. The details will be described
elsewhere.34 Figure 6 shows filled state images of the
0.01V cm sample which were obtained with four different
sample voltagessupperd and later images atV= +0.55 V
slowerd to evaluate the influence of negative voltage scans
upon the surface structure similar to Fig. 4. Before each
negative voltage scan, the surface was initialized to a perfect
cs432d phase by a single scan atV= +5.0 V. When the
sample voltage wasV=−0.6 V fFig. 6sadg or V=−0.8 V fFig.
6sbdg, the lower atoms of the asymmetric dimers were im-
agedsupper imagesd. The symmetrical appearing dimers at
V=−1.0 V fupper image of Fig. 6scdg were not real symmet-
ric dimers, but mostly asymmetric dimers and fractions of
the flip-flop dimers, as we confirmed bydI /dV imagingsnot
shownd. At a sample voltage greater thanV=−1.0 V, both
the upper and lower atoms contributed to the STM image,
and some flip-flop dimers were generated, perhaps through
the inelastic scattering process. Accordingly, a structure that
appeared symmetric was imagedfFig. 6sddg.

When the lower atoms were imaged with a low voltage
scansV=−0.6 Vd, the emergence ofps232d was observed,
as was confirmed by the subsequent image atV= +0.55 V.
The emergence ofps232d through a negative voltage scan is
discussed in the next section. On the other hand, a higher
negative voltage disrupted the ordered surfacefFigs.

FIG. 5. sColor onlined Tunneling spectrassolid lined and transi-
tion yieldssfilled squared from cs432d to ps232d, as a function of
sample voltage, at 6 K. The transition yield was evaluated as the
rate of the ps232d area to the entire scanned surface of 29
329 nm. The area ofps232d was quantified from the image re-
corded atV= +0.55 V after the same surface was scanned with a
tested sample voltage andI =0.5 nA. Sample:sad 0.01V cm andsbd
0.001V cm.

FIG. 6. sColor onlined Filled state images of the Sis100d surface
recorded with different sample voltagessupperd and subsequent im-
ages recorded atV= +0.55 V slowerd. Theps232d regions are col-
ored blue for viewing. Sample: 0.01V cm, I =0.5 nA.
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6sbd–6sddg. Fractions of theps232d areas and dark parts
were observed in the lower images recorded atV= +0.55 V.
The dark regions were not real defects but unstable dimers
implanted between thecs432d phase and theps232d one
within a single dimer row. The disordered butcs432d
predominant surface appeared after a single scan at
V,−0.8 V in all cases, regardless of whether the initial sur-
face wascs432d or ps232d. Although we anticipated that
the surface would flip-flop when scanned atV=−0.8 to
−1.5 V, we could not precisely determine how the surface
responded to the STM scan.

Figures 7sbd–7sed show empty state images of the
0.01V cm sample atV= +0.6 V after different negative
pulse voltages lasting 5 ms were applied. The initial
ps232d predominant surfacefFig. 7sadg was made by a
single scan withV= +1.1 V andI =0.5 nA. A pulse voltage

V=−0.6 V or less did not affect the surface structure. When
a pulse voltage ofV=−0.7 V was applied at the image center
findicated by a dot in Fig. 7sadg, structural change was ob-
served in an area of approximately 7310 nm around the
dimer where the pulse voltage was appliedfFig. 7scdg. The
affected area consisted ofcs432d dimers and unstable
dimers. As the pulse voltage increased, the influence of the
pulse voltage expanded concentrically over the surface. Ap-
plication of a pulse voltage beyondV=−1.0 V induced a
disordered surface across an area of over 50350 nm. Such
an expansion is surprisingly large, compared to the result of
the same experiment on Ges100d.18 A 500-ms pulse voltage
application ofV=−1.0 V to theps232d surface on Ges100d
induced acs432d region of approximately 10310 nm un-
derneath the tip.18 This deviation from the Si case may be
related to the difference between Si and Ge in the barrier
height for flipping dimers.

The minimum voltage that induces structural change also
varied with the tip-sample distance. Figure 7sfd shows the
size of the affected area as a function of pulse voltage for
different current set points. The minimum voltage that was
effective for flipping dimers wasV=−0.4 V for 0.1 nA,
while it wasV=−0.8 V for 1.0 nA. As the STM tip-sample
distance became smaller, the minimum voltage increased.
This result is again inconsistent with an electric field effect
upon the structural change. Tip-sample interaction is also
unlikely because the tip-sample distance was fixed during the
pulse voltage application. When we considered the shift of
the p state with the set point in the STS spectrum of Fig.
3sad, we found the same tendency. Therefore hole injection
into the p state during pulse voltage application generates
flipping dimers, which leads to the disordered surface. The
same results were obtained after pulse voltage application to
thecs432d surface. A negative voltage seemed to just excite
the flip-flop motion rather than create acs432d surface.
However, the surface resumed thecs432d phase after the
pulse voltage application because this phase is more stable
than ps232d. In the case of Ges100d,18 hole injection into
thep state formed thecs432d surface. Therefore hole injec-
tion into the p state may also play a role in creating
cs432d on the Sis100d surface. However, the flip-flop mo-
tion is more easily excited or there is weaker ordering on
Sis100d, so we could not reliably confirm this effect.

D. Emergence ofp„2Ã2… in the filled state

A low negative voltage scan caused aps232d surface to
emerge when holes were injected into the bottom of thep1

*

statefFig. 6sadg. This did not happen on a low-doped sample
s.0.05V cmd or a p-type sample for which the Fermi en-
ergy does not cross thep1

* state. Also, this manipulation is
possible even at a higher temperatures,80 Kd than that at
which thecs432d⇒ps232d manipulation is feasible when
a positive sample voltage is appliedsbelow 40 Kd. Figure 8
shows sequential images observed from the 0.01V cm
sample at 79 K as the sample voltage was changedffrom sad
to sddg. The initial image atV= +0.3 V was thecs432d pre-
dominant surface. We then applied a negative sample volt-
age. AtV=−0.9 V fFig. 8sbdg, some dimers appeared to be

FIG. 7. sColor onlined sad–sed Empty state images of the Sis100d
surface at 6 K after negative pulse voltages5-ms durationd was
applied. All images were recorded atV= +0.55 V andI =0.5 nA
after a pulse voltage ofsbd −0.6 V, scd −0.7 V, sdd −0.9 V, andsed
−1.0 V was applied tosad the initial ps232d predominant surface.
sfd The size of the affected area by a pulse voltage as a function of
the applied pulse voltage for three set points. Sample: 0.01V cm.
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symmetric but the surface was still dominated bycs432d.
When the sample voltage was set in the rangeV=−0.3 to
−0.6 V, the dimers over the scanned surface became un-
stable. Particularly in the region on the right side of the im-
age, theps232d structures were observedfFig. 8scdg. Fur-
thermore, with a smaller sample voltagesV,−0.3 Vd, the
dimers were again stabilized. As a result, the newly appear-
ing ps232d structures remainedfFig. 8sddg. Figures 8sed and
8sdd are plots of current and differential conductance as a
function of the sample voltage, obtained from the same
sample at 79 K. We confirmed bydI /dV imaging that thep1

*

state extended down to approximatelyV=−0.2 V for this
sample and the surface band gap approximately ranged from
V=−0.3 to −0.5 V. These values were shifted by the band
bending as we varied the set pointsthe tip-sample distanced.

The same features were basically observed at 6 K and also
for the 0.001V cm sample, but the absolute positions of the
bottom of thep1

* state and the surface band gap described
above were different for the 0.01V cm sample because of
the decrease in bulk conductivity at lower temperature.

Figure 9 shows a filled state image observed atV
=−0.3 V at 79 K where the down atoms were imaged. Noted
that the emergence ofps232d was induced dimer row by
dimer row and each dimer row showed different conductance
at this voltage. For instance, the two dimer rows indicated by
arrow B were the brightest or the most conductive in the
image, and dimer row D was the darkest or the least conduc-
tive. Dimer row C was moderately conductive. The most
conductive dimer row always appeared in theps232d phase,
but the least conductive one could appear in eithercs432d
or ps232d, as shown in the exaggerated inset of Fig. 9.
Since dimer row B, C, and D were all arranged in the
ps232d phase, the difference in conductivity was not due to
electronic structure. It seems that the dimer rows aggregated
in ps232d were metallic and the dimer rows on both sides of
the aggregation were depleted. In the filled state imaging
between the Fermi level and the valance band maximum, the
conductivity was extremely lowfFigs. 8sed and 8sfdg, where
the electrons partially filling thep1

* state were responsible for
the tunnel current. Accordingly, we speculate that, to main-
tain the tunneling current as the applied voltage increased,
some dimer rows improved their conductivity by consuming
the carriers from neighboring dimer rows. If we assume that
ps232d is more conductive along the dimer row than
cs432d, the surface is apt to becomeps232d to improve the
surface conductivity.

E. A model for the mechanism of phase transitions
caused by STM

The results in Figs. 1–4 show that theps232d phase ap-
peared at 6 K when the surface was scanned with a particular
range of positive sample voltage. Moreover, that voltage
range varied with the tip-sample distance and sample resis-
tivity. The similarity in the behavior of the shifts in the volt-

FIG. 8. sad Empty andsbd–sdd filled state images of the Sis100d
surface at 79 K recorded with sample voltages ofsad +0.3 V, sbd
−0.9 V, scd −0.5 V, andsdd −0.3 V, whereI =0.3 nA. sed Current
and sfd differential conductance curves of the same surface as a
function of the sample voltage. Set point:V=−0.3 V, I =0.3 nA.
Vpp=10 mV, f =5 kHz. Sample: 0.01V cm. The insets display an
enlarged area around a low voltage range.

FIG. 9. sColor onlined Filled state image of the Sis100d surface
at 79 K.V=−0.3 V, I =0.5 nA. Sample 0.001V cm. Arrows A and
E indicate thecs432d dimer rows, while arrows B–D indicate the
ps232d rows. The brightness of the dimer image in the box has
been adjusted to aid viewing of the structure.

K. SAGISAKA AND D. FUJITA PHYSICAL REVIEW B 71, 245319s2005d

245319-8



age dependence of the domain populationssFig. 2d and in the
empty dangling bond states in the STS spectrasFig. 3d with
the tip-sample separation make it plausible that electron in-
jection into the upper edge of thep1

* or p2
* states induced the

emergence ofps232d. On the other hand, thecs432d sur-
face was recovered when the surface was scanned with a
negative sample voltage corresponding to the energy of thep
state or greatersFigs. 6 and 7d. The minimum voltage that
inducedcs432d also shifted with the tip-sample distance,
which agrees with the shift of thep state peak in STS as a
function of the set pointsFig. 3d. Moreover, a positive
sample voltage higher than the energy of thep2

* statesFig. 4d
was effective to create thecs432d surface. These findings
are more plausibly explained by structural changes in asso-
ciation with the surface electronic state than by the tip-
induced electric field or the tip-surface interaction.

Further evidence supporting the electronic state mecha-
nism is the difference in the manner of domain growth be-
tween the two phases. Theps232d area developed with re-
spect to each dimer row, as shown in Figs. 1 and 4. In fact,
the expansion of theps232d area propagated along the
dimer row from the dimer beneath the STM tip, but it hardly
diffused in the direction perpendicular to the dimer row. In
contrast, concentric growth ofcs432d from the dimer be-
neath the STM tip was observed, as shown in Fig. 7. The
same tendency was reported on Ges100d by Takagiet al.18

Such a difference can be understood by considering the elec-
tronic structure of the Sis100d surface. Figure 10sad depicts a
schematic band diagram for then-type Sis100d surface. The
p1

* state is located within the bulk band gap. Also, the bottom
of the p1

* state is partially filled, according to the STM ob-
servation. The dangling bond state of Sis100d has a disper-
sion along the dimer row.29 Therefore thep1

* state has a
quasi-one-dimensionals1Dd electronic feature. This was con-
firmed by our observation of standing waves. Figure 11
shows empty state images of the Sis100d surfacefFigs. 11sad
and 11scdg and simultaneously obtaineddI /dV imagesfFigs.
11sbd and 11sddg. ThedI /dV images clearly reveal that stand-
ing waves emanated only along the dimer row direction from
step edgesfFig. 11sbdg and a dimer vacancyfFig. 11sddg,
which acted as a potential barrier to scatter electron waves.
This identification of standing waves was confirmed by the
sample voltage dependence; i.e., the oscillation amplitude
and wavelength varied with the sample voltage, in the same
way as in STM observation on noble metals.35,36 Here we
stress that the strong oscillation along the dimer row indi-
cated by an arrow in Fig. 11sdd retained the zigzag structure
of the asymmetric dimer, which proves that the standing
wave was derived from thep1

* state. In contrast, standing
waves were not observed in the filled state, which indicates
that thep state overlapped the bulk valence band.

A comparison of these characteristics of the phase transi-
tion and electronic feature suggests four carrier injection pro-
cessesfFig. 10sadg. Process B is electron injection into the
upper edge of thep1

* state and thep2
* state. Injected electrons

propagate along the dimer row through thep1
* state fFig.

10sbdg rather than being transported into the bulk conduction
band. Consequently, the emergence ofps232d occurs
through a change in buckling direction within a dimer row.
On the other hand, holes injected into thep statesprocess Dd
diffuse concentrically in the surface through the bulk valance

FIG. 10. sColor onlined sad Schematic band diagram showing
tunneling processes with different sample voltages. Each process
represents A: electron injection into the bulk conduction band, B:
electron injection into thep1

* and p2
* states, C: hole injection into

the filled p1
* state, and D: hole injection into thep state.sbd,scd

Schematicps232d sbd andcs432d scd surfaces showing the differ-
ence in the transport path of injected carriers.

FIG. 11. sColor onlined sad,scd STM and sbd,sdd corresponding
dI /dV images of the Sis100d surface at 79 K.sad,sbd V= +0.5 V, I
=0.2 nA, sample: 0.01V cm, scd,sdd V= +0.3 V, I =1.0 nA,
sample: 0.001V cm. Vpp=20 mV, f =5 kHz.
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bandfFig. 10scdg. Such a transport process is consistent with
the waycs432d appears in Fig. 7.

The most essential question, but a difficult one, is what
mechanism directly induces theps232d structure. In gen-
eral, thecs432d phase has been understood to be the ground
state structure because STM2,4–6 and LEED10 observation
show that structure near the liquid N2 temperatures77 Kd
and first principles calculation show that thecs432d energy
is a few meV lower than that ofps232d.3 Our observations
have proven this at lower temperatures as low as 670 mK.37

One possible explanation for the emergence ofps232d is the
charging effect. The influence of charge injection upon the
surface structure was calculated by Naraet al.13 and Seinoet
al.14 They showed that negative chargeselectrond injection
into a dimer makes the energy of theps232d structure lower
than that ofcs432d. Also, the calculation by Naraet al.
revealed that hole injection further stabilizescs432d,13

while that by Seinoet al. did not show hole injection having
a prominent effect upon energy.14 Their calculation results
agree well with our observations. When electrons are in-
jected into thep* state, they flow along the dimer row or
form standing waves. A dimer could feel negative charge and
ps232d becomes more stable thancs432d. When holes are
injected into thep state, the flip-flop motion is induced.
While the dimers are neutral or positively charged,cs432d
is the most stable, so the surface is stabilized in the
cs432d structure. Furthermore, electrons with higher energy
than thep* state mostly penetrate into the bulk conduction
bandsprocess Ad. In this case, the flip-flop excitation caused
by inelastic scattering exceeds the charging effect, which
prevents theps232d phase from stabilizing.

However, the charging effect cannot explain all of our
observation. The emergence ofps232d through a low nega-
tive voltage scansprocess Cd is induced by hole injection.
Also, we question why electron injection into only the upper
edge of thep1

* state or thep2
* state was effective for inducing

ps232d—why was a low voltage not effective? The best
explanation we can currently offer is to assume that the
dimers tend to transform intops232d to improve local sur-
face conductivity, as mentioned in the previous section. In
both the electron and the hole injection cases, theps232d
phase appeared as the tunneling current increased with the
sample voltage. Electrons or holes injected into the dimers
are allowed to move only along thep1

* band of the quasi-1D
electronic feature until their energy is dissipated. Successive
charge injection could augment the interaction among elec-
trons in that state. The dimers may avoid such a situation by
forming ps232d. ThedI /dV image in Fig. 11sdd shows that
the boundary of the dimer rows inps232d were vague while
the dimer rows incs432d were well resolved. This suggests
thatps232d is rather two dimensional or bearing a transport

channel in the direction perpendicular to the dimer row,
which could relax the interaction among electrons. The
mechanism of phase manipulation on Sis100d thus seems to
include complex interactions among carriers and electronic
states.

IV. CONCLUSION

We have characterized the structural changes between
cs432d and ps232d on highly dopedn-type Sis100d sur-
faces by STM at 6 K. In particular, we have studied condi-
tions causing the emergence ofps232d by comparing the
behavior of the phase transition and the location of the empty
dangling bond states in tunneling spectra as a function of
sample voltage and tunneling currentstip-sample distanced.
The sample voltage range needed to generate flip-flop dimers
and produceps232d depended upon the tip-sample separa-
tion and sample dopant concentrations. Similarly, the energy
positions ofp1

* and p2
* were determined by the tip-sample

separation and sample dopant concentrations. From the cor-
relation among these factors, we concluded that electron in-
jection into the upper edge of thep1

* state or thep2
* state

induces theps232d phase. On the other hand, electron or
hole injection into states other than thep* states restored the
cs432d surface. Previous calculations have shown that the
ps232d becomes the ground state when the dimers are nega-
tively charged. This prediction agrees with our experimental
results.

The difference in the manner of domain growth between
cs432d and ps232d can be explained by considering the
transport paths of carriers injected by the STM tip. Since the
p1

* state has a quasi-1D localized electronic characteristic
along the dimer row, injected electrons are transported in the
dimer row instead of penetrating the bulk band. As a result,
the emergence ofps232d happens collectively with respect
to a dimer row. In contrast, thep state energetically overlaps
the valence band and injected holes diffuse in the surface
through that band. Accordingly, the recovery of the
cs432d occurs rather concentrically over a wide range. The
phase transition observed by STM is due to carrier injection
into the filled and empty dangling bond states. The tip elec-
tric field influences the positions of these states relative to
the Fermi level. Therefore the tip-surface distance and the
dopant concentration of the sample affected the observation
results. We did not observe any effect of physical tip-surface
interaction upon the surface structure. The electric field may
change the energy balance betweencs432d and ps232d,
but we are not sure if it is detectable by STM.
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