RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 62, NUMBER 24 15 DECEMBER 2000-II

Extrinsic structure changes by STM at 65 K on S{001)
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Using variable-temperature scanning tunneling microscopy to image buckled dime€{4=<&) phase on
Si(001) at 65 K under conventional scanning conditions, we have observed symmetric dimersRi2he
X 1) phase and the flip-flop motion of dimers at the boundary of two different phases. Careful investigation
shows that higher tunneling currents produce larger areaB(2f< 1) phase and higher flip-flop rates of
individual dimers. We have measured and plotted the flip-flop rate as a function of current. The origin of the
phase transition and the flip-flop dimer motion are discussed.

The S{001) surface has attracted much attention over theions. We confirmed the two phase§(4x2) and P(2
last 30 years because of its many technological applications< 1) on S{001), and found that th&(2Xx 1) phase becomes
Since the images of Hamees al. in 1986, scanning tunnel- locally more stable as tunneling current increases. We also
ing microscopy(STM) has played an important role in ob- present the first proof that flip-flop motion of asymmetric Si
taining detailed information about the(801) surface on an dimers at the boundaries of the phases is indeed induced by
atomic scalé. Some of the more interesting features of athe STM tip, and demonstrate the dependence of the flip-flop
Si(001) surface are the surface reconstruction by formatiorrate on tunneling current. Finally, we discuss the origin of
of dimers, their row arrangement, and buckling because othe phase changes and the flip-flop motion.
Peierls distortiorf. STM images of dimers at room tempera-  All measurements were performed in an ultrahigh vacuum
ture appear usually as symmetric patterns because of rap@hamber at<10 torr. Antimony-dopedn-type surfaces
thermal flip-flop motion of the buckled dimers. Asymmetric (0.05—0.0%) cm) and Boron-dopedy-type S{001) surfaces
dimers were successfully imaged by Wolketval® in 1992  (0.01-0.02Q cm) were annealed by conventional current
by lowering the surface temperature to 120 K. Since buckheating'® This produces surfaces of an exceptionally low
ling can occur in two orientations, several phases are posiefect density. The samples were then transferred onto the
sible corresponding to different arrangements of alternatelgryogenic STM stage and cooled down to 65 K. STM im-
buckled dimers. Wolkow showed that the honey comb apaging was performed for sample biases betwedh5 and
pearance of th€C(4X2) phase was more stable than the —2 V and tunneling currents between 25 pA and 1 nA. To
P(2x2) phase. This result agreed with previous low-energyfind the rate of the flip-flop motion of buckled dimers versus
electron diffraction measuremerfts. current, we measured the tunneling current with the feedback

However, recent STM images of (801) surfaces at low turned off after positioning the STM tip directly over the
temperatures have presented novel results, first the observarightest point of a dimer in a defect-free aféalwo dis-
tion of the P(2x2) phase and then the observation of a crete values of tunneling currents can be observed when a
P(2x 1) phase as composed of symmetric difies6 K.  dimer flips up and down under an STM fip.
Thus naturally the question arises which phase d0(8) Four images of the same location onPaype S{001)
would be most stable below 120 K. Recent theoretical calsurface at 65 K under various tunneling conditions are pre-
culations have shown that tl&(4 < 2) phase has an energy sented in Fig. 1. The surface exhibitingCG{4x2) phase
that is lower by a few mV per dimer compared with that of consists mostly of buckled dimers with only a few symmetric
the P(2x 2) phasé. However, to fully understand this issue dimer rows; it was imaged with &1.2 V sample bias and a
it might be necessary to include the possibility of extrinsic25 pA tunneling current as shown in Figal. Symmetric
effects, i.e., tip-to-surface interactions on thé08il) surface  dimer rows, marked by arrows, are located at the antiphase
by the STM observations themselves, especially at low temboundaries of the two alterna(4x2) phase<? Buckling
peratures. Such tip-surface interactions have, for examplés weakened at the boundaries of the two phases and fluctu-
been observed at 80 K on ®81).8 Furthermore, tip-surface ates even at 65 K* In addition, there are a few dimers that
interactions in STM of the ¥901) surface were suggested extend from the ledge of afvtype step edge. They appear as
theoretically in 1993, symmetric dimers in the image; for the time being we will

In this work, we present an observation of tip-to-surfacecall these “*symmetric dimers of BR(2X1) phase” and dis-
interactions by demonstrating the variation of STM imagescuss later whether the(2x 1) phase consists of symmetric
of Si(001) surfaces at 65 K under different scanning condi-dimers or asymmetric dimers with rapid fluctuation. Surpris-
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FIG. 1. STM images of the 801) surface at 65 K showing the
expansion of thé®(2x 1) phase in a bed df(4X2) phases under
increasing current(@ —1.2 V sample bias with 25 pA an) 1
nA. The P(2Xx1) phase is surrounded by dotted linés) 1 V
sample bias with 25 pA, and) 1 nA. The location of theP(2
X 1) phases, indicated by dotted lines, is different from that of filled
state images. Since carbon-containing molecules show as dark spg

FIG. 2. A set of zoom-in STM images of the(801) surface at
65 K that shows STM-induced structure chang@s: An image
from the boundary between tig2x 1) andC(4X 2) phases with
—1.2 V sample bias and 1 nA curreith) A zoom-in image of the
box-area of(a) at 25 pA (c) with 0.1 nA current. It shows the
etxchange of the alterna@(4x2) phases(d) At 1 nA the motion

(similar to defectsunder negative bias d&) and(b) and as white olsfllp—flops appears as dents.

spots at positive bias in &s) and (d), a careful inspection of the opserve. Interestingly?(2x 2) phases have never been ob-
images seems to indicate that at least some of these features ajgryed during structure changes. For example, changing the
absorbed molecules, others are simple defects. dimer directions in a single row will produce a three row
P(2Xx2) phase under the STM tip and this phase may be
ingly, a current increase up to 1 nA at the same bias voltagstable at 65 K if the energy difference betwee{2x 2) and
enlarges the area of tHe(2X 1) phase as seen in the areaC(4x%2) is only a few mV per dimer while the energy bar-
surrounded by dots in Fig.()). Ten symmetric dimers are rier between these phases is in the order of 0.1 eV per dimer
seen to extend from the ledge. Figures)land Xd) show as theoretical calculations have suggegted.
the very similar current dependences of the expansion of the Increasing the tunneling current up to 1 nA produces
P(2x1) phases under the positive sample bias; however thedents” in the scan lines of the up-atoms in the buckled
location of theP(2X 1) phase areas differs from those of the dimers as seen in Fig.(®. The appearance of these dents
negative sample bias: compare Figb)lwith 1(d). The sym-  (mostly spike-downscan be considered to be the result of
metric dimer rows are longer at positive bias voltages. Thesequential motions of flopping down and flipping back to
domains of the phases are reproducible and reversible, i.aip-atoms within a few ms when the STM tip scans over the
they are independent of the history of current and bias. Howedimer. When the tunneling current increases further, the
ever, there is no strong bias dependence of the extension atimber and length of the dents increases and then finally, the
the P(2X 1) phase for both bias polarities although the STMdimers appear to be symmetric because all up-atoms are
images show symmetric dimers at voltages higher tharB  forced into a flop-down position when the STM tip scans
V sample bias because of the imaging of bulk states. over them. Eventually this becomes tR€2X 1) phase that
Figure 2a) shows a filled-state, negative sample biaswe observed in going from Fig.(d to 1(b). The gradual
STM image at the boundary between tRé€2Xx 1) andC(4 change in appearance from tl¥4Xx2) phase to theP(2
X2) phases on a 65 K @01) surface. Figures (B), 2(c), X 1) phase can also be seen at bottom of the STM image,
and 2d) are zoom-in images of the box in Fig(a2 They  Fig. 2@). On the other hand, flipping up of originally down-
convey the significant changes that appear under differerdriented atoms was rarely found. A similar behavior was
scanning conditions. A perfe@(4x2) phase was imaged observed in empty-state imagihgAgain, significant differ-
at a—1.2 V sample bias with a 25 pA tunneling current in ences were not observed when the sample bias was changed
Fig. 2(b). However, scanning with a higher tunneling currentfrom —0.8 to —2 V and from+0.8 to +1.3 V.
[0.1 nA, Fig. Zc)] produces sudden changes in the surface In this section we discuss the current dependency of the
structure although each stripe retains @@ x 2) phasé® It flip-flop rate. Figure &) shows typical examples of the cur-
implies that scanning produces an exchange between the twent change as a function of time. Highdower) current
C(4X2) phases by inverting the directions of all neighbor-values indicate that the atom below the STM tip is in the up
ing buckled dimers at a much faster rate than the STM caridown)-position for negative sample bias. On the other hand,
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Sample positive bias an exchange between two altern&é4x2) phases occurs

15 under the STM tip; however, the final states, i.e., the size of

’ (a the newly alteredC(4 X 2) phases cannot be observed by the

1 STM measurements because of limitations in scanning
0.5 ‘ speed. If the final states are different, one can expect to mea-

0 5 10 sure different rates for the flip-flop motions. The ratio of the
time (ms) occupational times in the down-position to the up-position is

1:3 at a current of 0.16 nA, 1:1 at 0.4 nA and at 0.7 nA and

Sample positive bias 1:2 at 1.1 nA.

10000 ¢ T Again, the rates at lower currents spread over a wide re-

1000 [ f (b) gion for negative sample biases. The flop rates increase lin-
TR

| (nA)

= Flip up early with current near 0.7 nA while the flip-up rates satu-
100 x Flop down rate. It implies that the ratio of the occupation times in the
10 T down-position to the up-position increases when current in-
0.1 1 10 creases. Eventually, the ratio reaches 23:1 at 1.6 nA while
tunneling current (nA) the ratio is about 3:1 for less than 1 nA. In other words the
STM tip almost ties the atoms beneath the tip into the down
position. As a result, the occupational time in the up-position
would then become too short to cause any response in the

rate (H2)

Sample negative bias

10000 1 STM feedback loop and the STM could not image atoms in
TI*T 1000 £ (c) up-positions. We conclude that no contribution of an up-
E 100 ¢ = Flop down atom imaging can possibly produce the appearance .of t.he
© 10 ¢ II f , P(2X1) phase areas. The ratio change with currents is dif-

3 x Flip up o . .
1 ferent for positive and negative sample biases, however, a

0.01 0.1 1 10 similar argument would appi?
This flip-flop motion is a phenomenon that differs from
the symmetric appearance of dimers located at the antiphase
FIG. 3. Examples of current change with tin{e) for positve ~ boundaries of th€(4 X 2) regions in Fig. {a) and also dif-
sample bias. Two discrete values of currents are observed. The raf@rs from dimers at room temperature. We also observed an
of the dimer motions as a function of currents for positive sampleextension of the symmetric dimers and the flip-flop dimer
bias (b) and for negative sample bigs). The flip-up rates saturate motions under high tunneling currents on a defect-free larger

tunneling current (nA)

near 1 nA for negative sample bias. terrace ofn-type S{(001) at 65 K andp-type S{001) at 78 K
(not shown.
higher (lower) current values indicate dowp)-position of What could be the origin of th®(2X 1) phases, the ap-

an atom for positive sample biases since the STM tip is impearance of symmetric dimers and the flip-flop dimer mo-
aging empty states. Figurg&@ shows longer occupational tion? One possible explanation is that the presence of the
times for measurements at lower currents than at higher cuSTM tip reduces the energy barrier for flip-flop motions as
rents. It implies that atoms prefer an up-position over aCho and Joannopoulos suggested in tladirinitio calcula-
down-position under the STM tip. It also proves clearly thattions of the total-energy pseudopotential of the tip surface.
the flip-flop motion is indeed induced by the STM becauseFurthermore, they suggested asymmetrical occupational
the occupational times in up- and down-positions would bdimes between the down-position and the up-position. Their
the same if the flip-flop motion were driven by intrinsic ther- polarity-independent ratio of the occupational times in the
mal excitations only. down-position and up-position is 1:1000. It implies that the
Current dependences of the dimer flip-flop rates are plotSTM tip ties the atoms into an up-position. In our results the
ted in Figs. 8) and 3c) at both bias polarities and for STM tip also ties the atom into the up-position for positive
tunneling currents from 0.1 to 1 nA. The rates were less thasample bias. However, the ratio depends on polarity and tun-
0.005 Hz for tunneling currents of 25 pA at both polarities. neling current and is at most 1:3. Furthermore, it becomes
Flip-up and flop-down rates must differ in their current de-23:1 at 1.6 nA for negative sample bias as mentioned above.
pendences because the tunneling currents flowing into atonWe have to conclude that the STM tip ties the atoms into the
in the up-position and atoms in the down-position differ asdown-position for negative sample bias, contrary to the the-
can be seen in Fig.(8). The error bars for these rates were oretical results.
estimated directly from the distributions of the experimental Another possible explanation could be that th€Xx 1)
data since the data show a much larger scatter than a Poissphases are images of “bulk states” instead of surface
distribution. states. Buckled up-atom topography in STM images receives
Some interesting features can be observed in these plotiss main contribution froms surface states above the up-
For positive sample biases, the flip-flop rates increase amtoms in filled-state imaging or from* surface states above
proximately linearly with currents. The distribution of the down-atoms in empty-state imaging. It implies that buckled
experimental data scatters widely, i.e., from 50 to 800 Hz atip-atoms cannot be produced by electron shifts from states
a current of 0.32 nA as shown by the error bars. The reasolower than ther surface states due to the depletion of the
for the wide distributions is the differences between the typesurface states, or by shifts into states higher thdnstates
of transitions, i.e., the final states. As we show in Fi@)2 due to the occupation af* states. It would occur wherever
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electrons cannot be supplied intostates or removed from surface states into bulk states. This argument implies that
7* states fast enough compared with the rate of the tunnelP(2X1) phases on 801) dominate at temperatures lower
ing current. We would then expect thatR(2x 1) phase than 65 K, a fact that has been observed experimeritally.
forms wherever the effective area of surface states cannot In summary, we have observed the lo&42< 1) phase
sustain the tunneling curretitin this case, the STM currents in the C(4x2) phase on $001) at 65 K by STM under
would unpin the surface states locally, especially at low temconventional imaging conditions. We find tip-surface inter-
peratures. This may be the reason why B{@ x 1) is coop-  actions that switch the two alterna@(4x2) phf'ises and
erative, forms domains, and therefore appears to be detephlarge theP(2Xx1) phase as the STM tunneling current

mined by nearby local structures like step edges andncreases. During these phase changesP(@x2) phase

defect€ Furthermore, the local depletion or the occupationV@s observed. The appearance offt{@x 1) phase at 65 K
g due to the absence of up-atom configurations, a phenom-

of the surface states reduces the Peierls distortion that coul e P h f 1) oh
lower the energy barrier for flip-flop motions of the buckled enon different from the appearance of €2 1) phase at

dimers. This picture gives a consistent interpretation of the 20M temperature. Finally, we find the dependences of the

. .. dimer flip-flop rates versus tunneling currents are nearly lin-
current dependences of tR¢2x 1) expansion and their bias ear. Our results show that the STM tip tends to tie the atom
independence. But then the recombination rates of #the

beneath the tip into a down-positigop-position for nega-
states for electrons or holes must be of the same or Iowedrve (positive spample biases.p dap-p Y g

order than the electron transfer rates by tunneling currents

(10°-10'°Hz). These electron transfer rates are unexpect- We thank T. Yokoyama for valuable discussions and L.
edly low although the lower carrier densities at lower tem-Boesten for critical reading of the manuscript. We would
peratures do decrease the rates of carrier transportation froafso like to thank ERATO for supporting this research.
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